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Abstract
In this industrial PhD project, an impedance flow cytometer developed by the Danish
company SBT Instruments A/S is used to study the enumeration and characterization
of bacterial cells. The device can measure the total concentration of bacteria in a liquid
sample in 5 minutes. This is opposed to the growth-based methods used today, which
usually take 1-3 days to provide a result. The slow response time is a problem in multiple
industries that rely on fast measurements of the microbial burden for quality and hygiene
control, such as in food production, health care environments and at drinking water plants.
The technology employed for bacteria characterization is called Impedance Flow Cytometry (IFC). In IFC a liquid containing bacterial cells is continuously injected across a
set of detection electrodes placed on the top and bottom of a microfluidic channel. The
changes in current during the passing of a bacterium are measured simultaneously at two
frequencies probing different parts of the bacteria structure. The technology has been
implemented in a tabletop device developed by SBT Instruments called BactoBox and
is used to experimentally investigate the impedance response of bacterial cells and other
particles.
BactoBox has been used to investigate the impedance response of six different bacteria
species to determine if specific cell characteristics can be extrapolated directly from the
impedance measurements. Differences between the species were observed, but it was
not possible to correlate the differences to the bacteria shape or the gram-type, which
emphasize the complexity and variation of bacterial morphology.
BactoBox has also been used to probe the viability state of E. coli bacteria after inactivation with three common disinfection and sterilization methods, ethanol, heat and
autoclaving. The results show that the viability of E. coli bacteria can be determined using IFC, but that the sensitivity and selectivity of the classification depends considerably
on the inactivation method. For example, prolonged exposure during heat inactivation
improved the viability classification with IFC significantly.
Finally, BactoBox was used to evaluate the antibiotic susceptibility of two known colistinsensitive strains of E. coli and Pseudomonas aeruginosa as well as a known colistinresistant Pseudomonas aeruginosa strain. The impedance response of the cells changed
as they were exposed to increasing concentrations of colistin and the change in impedance
happened at higher antibiotic concentrations for the resistant Pseudomonas aeruginosa
strain.
The thesis presents this experimental work together with the theoretical models needed for
dielectric modelling of bacterial cells in an impedance flow cytometer system. In the thesis
a walk-through of the functional parts of the flow cytometer (microfluidic chip, electronics,
sample handling and data analysis) is also presented and their function and interrelation
are discussed.
The work presented in this thesis will appeal to anyone interested in novel methods for
bacteria detection and enumeration focused on electrical characterization of the cells,
and to anyone excited by the technology development happening on the border between
academia and industry.
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Dansk resumé
Et impedans flow cytometer udviklet af det danske firma SBT Instruments A/S er i dette
erhvervs-PhD-projekt blevet brugt til at kvantificere og karakterisere bakterier. Cytometeret kan måle den totale koncentration af bakterier i en væskeprøve og resultatet foreligger efter ca. 5 minutter. Dette er i skarp kontrast til de eksisterende dyrkningsbaserede
metoder, der anvendes i dag, hvor det almindeligvis tager 1-3 dage før der foreligger et
resultat. Den langsomme responstid er en stor udfordring i mange brancher, hvor hurtige
målinger af den mikrobielle belastning har væsentlig betydning for kontrollen af kvalitet
og hygiejne, fx i fødevareproduktion, sundhedsvæsenet og på drikkevandsanlæg.
Den teknologi, der anvendes til bakteriekarakterisering, kaldes impedans flow cytometri
(IFC). IFC bygger på et princip, hvor en væskeprøve med bakterier, løbende pumpes
ind mellem et sæt måleelektroder placeret på toppen og bunden af en mikrofluid kanal.
Den elektriske strøm mellem elektroderne, målt ved to eller flere frekvenser, ændres, når en
bakterie passerer mellem dem på baggrund af cellens elektriske egenskaber. Denne ændring
i strøm kan derfor bruges til indirekte at karakterisere bakteriens struktur og opbygning.
Denne teknologi er implementeret i apparatet Bactobox udviklet af SBT Instruments, som
i dette projekt bruges til at undersøge forskellige bakterier og andre partikler.
I projektet indgår studier hvor BactoBox er blevet brugt til at undersøge impedansresponsen fra seks forskellige bakteriestammer for at vurdere om den målte impedans kan
relateres til specifikke bakteriekarakteristika. Der blev observeret forskelle mellem de
forskellige stammer, men det var ikke muligt at relatere denne forskel til stammernes form
eller Gram-type. Dette illustrerer den store kompleksitet og variation, der findes indenfor
de forskellige bakteriestammer.
BactoBox blev også brugt til at undersøge E. coli bakteriers levedygtighed efter inaktivering med tre desinfektions- og steriliseringsmetoder, ethanol, varme og autoklavering.
Resultaterne af forsøgene viste, at levedygtigheden af E. coli -bakterier kan bestemmes
ved hjælp af IFC, men at klassificeringens følsomhed mellem levende og døde bakterier
afhænger af inaktiveringsmetoden. For eksempel så vi at længden af eksponeringstiden
ved varmeinaktivering af E. coli medførte en markant forbedring af klassificeringen mellem
døde og levende bakterier.
Det blev også undersøgt om BactoBox kan bruges til at evaluere følsomheden overfor antibiotika. Som model blev benyttet antibiotikummet colistin, som blev undersøgt overfor
to kendte colistin-følsomme stammer af E. coli og Pseudomonas aeruginosa samt en kendt
colistin-resistent Pseudomonas aeruginosa stamme. Resultatet af undersøgelserne viste,
at impedansresponset fra bakterierne ændrer sig, efter de er blevet udsat for stigende koncentrationer af colistin, samtidig med at ændringen i impedans afhænger af bakteriernes
resistens overfor colistin.
I denne afhandling præsenteres det eksperimentelle arbejde sammen med de teoretiske
modeller, der er nødvendige at kende til for at forstå den elektriske modellering af bakterier i et IFC-system. Afhandlingen indeholder også et kapitel med en gennemgang af de
funktionelle dele af flowcytometret (mikrofluidchip, elektronik, prøvehåndtering og dataanalyse), hvor deres funktion og indbyrdes relationer diskuteres.
Dette arbejde vil appellere til alle der er interesserede i nye metoder til kvantificering og
iv

karakterisering af bakterier med fokus på elektriske egenskaber, og til alle der er begejstrede for udviklingen af nye teknologier og produkter på grænsen mellem den akademiske
og industrielle verden.
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1 Introduction
Quantification of microbes is extremely important in both industrial and clinical environments for both diagnosis and quality control. Bacterial infections are still one of the most
common causes of death and disease across the globe. Especially in industrial settings,
microbial quantification has been overlooked and ignored for many years, due to the lack
of fast and effective quantification methods. Recently, the role of microbial quantification
in providing a safe and stable food and water supply has grown, and today, systematic
monitoring of the microbial burden is an irreplaceable part of any quality control system.
Additionally, fast and accurate bacteria quantification is not only important in the food
and water industry, but also plays a crucial role in pharmaceutical production and R&D,
in fermentation processes, and in hygiene control in the health care sector.
Current methods for microbial quantification rely on costly and time-consuming techniques
such as growth-based plate counts, microscopy analysis or biochemical assays. Particularly, plate counts on appropriate nutritional media where single bacteria grow into small
colonies that can be counted by eye, has long been considered the golden standard of
microbial quantification. The main disadvantage of this method is that it requires several
days before the single bacteria have grown into colonies that can be counted. This for example means that the quality control manager at the food processing plant or the hygiene
responsible at the hospital cannot react immediately to a bacterial contamination and is
instead forced to react after the fact.
Therefore, a pressing need exists for a new, fast and easy to use technique for microbial
quantification, that can replace the old and slow plate count methods. In this thesis I
will describe my work with an instrument for fast characterization and quantification of
bacteria based on a technology called impedance flow cytometry (IFC).

1.1 What is impedance flow cytometry?
Impedance flow cytometry (IFC) is an emerging technology for label-free fast enumeration
and characterization of single cells and particles in a liquid sample.
In IFC a sample of particles or cells suspended in a liquid electrolyte is continuously
injected through a microfluidic channel where a set of micro-electrodes detect changes
in impedance during a transition of a cell or particle (as illustrated in figure 1.1). In
newer impedance spectroscopy devices two sets of micro-electrodes are used for detection,
which allows for measuring the differential current between to identical detection volumes.
When no particle is present between the electrode or when it is exactly in between the
two sets, the differential current will be zero. As the particle flows between the electrodes
it sequentially changes the impedance between one set of electrodes (ie. A-B in figure 1.1)
leading to a non-zero differential current, and then the next set (ie. C-D). The transition
of a particle therefore leads to a characteristic double gaussian event in the differential
current as seen in figure 1.1. While two sets of micro-electrodes are usually used for
detection, systems with a single set or with more than two sets of electrodes also exist.
The height of the peaks of the double gaussian event is directly related to the change
1

in impedance and will depend on the dielectric properties of the passing particle. For
bacteria and other cells, this means that properties that affect the impedance such as size,
shape, membrane composition and cytoplasmic conductivity can be evaluated individually
for each cell that passes between the detection electrodes.

Figure 1.1: Schematic of 5 positions of a transitioning bacteria (1, 2, 3, 4, 5) and the
corresponding differential current (∆I = IAB −ICD ). When a bacterium enters the detection
area (position 1), the current of the two electrode sets is identical (IAB = IAB ), resulting
in a differential current of zero. When the bacterium moves between electrode A and B
(position 2) the electric field is perturbed resulting in a non-zero differential current. When
the bacterium is exactly between the electrode sets (position 3) the differential current is
again zero. As the bacterium transitions between electrode C and D and further out of
the detection area, the electric field is again perturbed giving rise to a differential current
(position 4). At position 5 the differential current is again zero as the bacterium exits the
detection area. Reproduced from [1].
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Usually a multi-frequency AC voltage (consisting of two or more superimposed sinusoidal
signals) is applied to the input electrode(s) in the channel. The impedance change induced
by a biological cell is different from that of other more homogeneous particles (such as small
grains of glass or plastic) due to the cell’s unique structure consisting of an electrically
isolating membrane and an electrically conducting core. This means that the impedance
response of biological cells is highly frequency dependent and that different frequencies
can be used to probe different cell properties.
In research applications, IFC setups are custom built using different combinations of amplifiers, signal generators, syringe pumps, tubing and microscopes, very often with the
detection channel and electrodes implemented in a custom designed microfluidic chip. In
this thesis, I will present my work performed with one of the world’s first impedance
flow cytometer developed with the intention of commercial sales by the Danish start-up
company SBT Instruments A/S.

1.2 SBT Instruments
SBT Instruments is a Danish company located in the greater Copenhagen area. The
company was founded in 2014 by myself and two of my fellow graduates from the Technical
University of Denmark, Gustav Erik Skands and Fredrik Peter Aalund. Gustav and I
had just obtained our master degrees in physics and nanotechnology from the Technical
University of Denmark. During our final project, we had built and tested the first iteration
of our microfluidic chip meant for IFC detection of bacteria and shown that it could be
used to differentiate between bacteria and inorganic particles. Shortly after, Frederik,
who has a background in computer science, joined the team and SBT Instruments was
founded. In the beginning, we focused on detecting bacteria contaminations in drinking
water, but later pivoted to a more general use case for the technology. This resulted in
BactoBox, a fully integrated, table-top, impedance flow cytometer capable of measuring
the bacteria concentration in liquid samples. Today the company has 14 employees and is
actively selling BactoBox to all customers interested in improving their bacteria counting
abilities.

1.3 Impedance flow cytometry in literature
Dielectric measurements on cells and other biological material can be traced back to the
work of Schwan [2]. Over the last 20 years miniaturized multi frequency impedance flow
cytometry has emerged as a popular and well studied technology for non-invasive measurements on single cells, with the first impedance flow cytometers described by Ayliffe [3],
Fuller [4] and Gawad [5] around the year 2000. Multiple thorough reviews have been published describing electrical measurements of cells using IFC, e.g. by Xu et al. [6], Chen et
al. [7], Petchakup et al. [8], and Sun et al. [9]. I encourage anyone interested in the field
to read these reviews.
Here I will focus on systems measuring on bacteria and on different technological considerations and solutions that have been implemented in IFC systems in recent years.

1.3.1 Bacteria measurements with IFC
While IFC has been used to study many different types of cells, the number of publications
dealing with the detection and characterization of bacteria cells is quite low. If looking
1.2. SBT INSTRUMENTS
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more generally for work characterizing bacterial cells using dielectric methods, more publications can be found. However, in this subsection I will focus on the publications that I
have found that specifically use IFC for single cell detection of bacteria.
Bernabini et al. [10] uses an IFC system that employs an insulating fluid to hydrodynamically focus the stream of particles as they pass by a set of front facing detection electrodes. They use this device for detection and discrimination of 1 µm and 2 µm diameter
polystyrene beads and Escherichia coli bacteria. Accurate detection and identification of
the particles were confirmed by simultaneously measuring the fluorescence emission. They
found that they could detect and discriminate between E. coli and 2 µm polystyrene beads
based on the impedance magnitude at 503 kHz.
Berardino et al. [11] uses an impedance flow cytometer to obtain data from viability studies
of yeast (Saccharomyces cerevisiae carlsbegensis) and bacteria (Bacillus megaterium). The
cells were inactivated with heat and anti-fungal or antibiotic substances, respectively. The
electrical measurements were performed at 0.5 MHz and 10 MHz. The bacterial viability
studies show a shift in the measured phase signal from the heat treated bacteria compared
to the untreated. The shift only occurs at 10 MHz, not at 0.5 MHz. Likewise, treatment
with both Hygromycin or Kanamycin shows shifts in the measured phase angle. Based
on their findings they conclude that the phase angle of the measured signal is important
for discrimination of dead and viable cells, and that the best resolution for discrimination
was found at 10 MHz. At frequencies below 2 MHz they could no longer discriminate
between viable and dead cells. They go on to discuss that the ”advantages of label-free
viability analyses of micro-organisms are obvious” because current fluorescent based flow
cytometer solutions have significant sample preparation.
The same group of researchers have written more comprehensively about the viability
of Bacillus megaterium now with the inclusion of F. David as first author [12]. They
compare the results from IFC with fluorescence-based flow cytometry (FCM) and find
that the two methods give comparable results, quantitatively and qualitatively. The paper
investigates the effect of membrane potential (MP) and viability state on the impedance
measurements. The cells are investigated in four different states: exponential growth
phase, stationary growth phase, CCCP-treated cells from the exponential phase and 80 °C
heat inactivated cells. CCCP (ionophore carbonyl cyanidem-chlorophenylhy-drazone) is a
chemical inhibitor that depolarizes the cells.
Comparisons between stationary cells, exponential phase cells and CCCP-treated cells
displayed exponential phase cells as highly polarized, while stationary phase cells and
CCCP-treated cells only showed low polarization levels (see figure 1.2(a)) at low frequencies (0.5 MHz). Comparisons between stationary cells, exponential phase cells and heat
treated cells can be seen in figure 1.2(b) and shows a shift in impedance angle measurement
for heat-treated cells compared to viable cells. Investigations of 5 additional frequencies
showed that 0.5 MHz and 10 MHz are the best for MP discrimination and viability discrimination, respectively.
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(a)

(b)
Figure 1.2: (a) Analysis of exponential phase, stationary phase and CCCP treated bacteria
cells using FCM (left) and IFC (right). (b) Viability analysis of B. megaterium cells by FCM
(left) and IFC (right). Adapted from [12] in accordance with the sharing guidelines of Wiley
Online Library.

Haandbaek et al. [13] describes an alternative approach to the traditional electronics setup
used in IFC, by using an electrical resonator to enable measurements at high frequencies
with high sensitivity. They still make use of a lock-in amplifier to detect the signal, but
incorporates a resonant circuit in series with the impedance as seen in figure 1.3. At
the resonance frequency the impedance of the circuit becomes low and thus increases the
sensitivity. When a particle passes the detection electrodes the resonance frequency of the
system changes.

1.3. IMPEDANCE FLOW CYTOMETRY IN LITERATURE
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Figure 1.3: Schematic of the complete microfluidic cytometer from [13]. The lock-in
amplifier drives a resonance circuit, formed by an inductor and the impedance between the
measurement electrodes. Reproduced from [13] with permission from the Royal Society of
Chemistry.

The authors write that the improvement in sensitivity arises due to the impedance of the
inductor being perfectly aligned with the impedance of the microfluidic channel similar
to ”a balanced scale, where a small change in weight can make the scale tip to one side
or the other, a small change in impedance can give rise to a large change in phase of
the current through the resonator”. However the high sensitivity and high frequency also
makes the system very sensitive to parasitic coupling within the system itself. The authors
demonstrate that the device is capable of detection of single E. coli and B. subtilis cells
and that it can differentiate these cells from polystyrene beads as seen in figure 1.4.

Figure 1.4: Scatter plot of the phase changes measured at 89.2 MHz and 87.2 MHz for
two experiments: E. coli with 2 �m beads (green and blue) and B. subtilis with 2 �m beads
(red and brown) from [13]. Reproduced from [13] with permission from the Royal Society
of Chemistry.

Guler and Bilican [14] has published a paper where they describe a simple coplanar electrode integrated to a simple rectangular PDMS microchannel for the detection of E. coli.
They enhance the conductivity of drinking water to obtain an optimal conductivity of 2.5
6
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S/m. They perform COMSOL simulations to optimize the conditions of their system and
find that the simulation and experiments were well matched when the frequencies where
high enough to ignore the electrical double layer effect on the electrode surface. They are
able to experimentally differentiate between E. coli and 2 µm polystyrene beads.
Last but not least, a resent publication by Spencer et al. [15] presents a label-free method
for antibiotic susceptibility testing (AST) based on IFC (see figure 1.5). The method
reduces the time consuming growth step in traditional AST to only 30 min. IFC measurements are performed on a bacteria culture before and after exposure to antibiotics and
changes in the impedance response revels if the antibiotic is effective or not. The study
is comprehensive, looking at eleven different strains of bacteria and exposure to multiple
different drugs. They find that the results obtained using IFC are consistent with those
obtained by classical broth microdilution assays for a range of antibiotics and bacterial
species.

Figure 1.5: (a) Chip schematic, (b) equivalent circuit for gram negative bacteria, (c)
impedance scatter plot of K. pneumoniae together with 1.5 µm diameter polystyrene beads.
After exposure to β-lactam antibiotic, the cell wall breaks down and the bacteria swell
causing a shift in the population location. Partially reproduced from [15].

1.3. IMPEDANCE FLOW CYTOMETRY IN LITERATURE
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1.3.2

Focusing

In IFC systems, variations and non uniformity in the electric field between the detection
electrodes can cause significant variation in the measured impedance response. The size
of the variation depends on the electrode design and can cause a serious loss of sensitivity
in the IFC system, especially if the electrode layout is co-planar. To address this issue
multiple researchers have explored different ways of focusing the cells and particles before
measurement.
DEP focusing
Some of the very first microfluidic flow cytometers used dielectrophoretic forces (DEP
forces) to focus the cells in the channel [16]. Cottet et al. [17] has described and developed
a computational tool for calculating DEP forces of various cells and particles. In Shaker
et al. [18] they use an initial region with DEP focusing to focus and re-orient cells and
particle in order to determine their shape (see figure 1.11).
Hydrodynamic focusing
Another common way to focus particles to the center of the channel is to use hydrodynamic
focusing (as used by Bernabini et al. [10] for bacteria detection). Hydrodynamic focusing
uses a focusing liquid (usually non conductive to decrease detection volume) injected on
both sides of the main flow. Due to the laminar flow in the microfluidic channel the sample
liquid is compressed in the center of the channel.
Winkler et al [19] performs an in-depth system integration study of in-plane hydrodynamic
focusing in a microfluidic impedance flow cytometer (see chip design in figure 1.6). They
find that ionic diffusion between focusing liquid and the sample is critical as a limiting
factor of the system.

Figure 1.6: (a) Photograph of the impedance flow cytometry chip. The microfluidic
channels are filled with dye to enhance visualization. (b) Micrograph of the hydrodynamic
focusing region and the detection region. Both from [19].

Acoustic focusing
Grenvall et al. [20] addresses the need for particle positioning by presenting a microfluidic
system which positions cells and particles using acoustic forces. The system performs
8
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electrical measurements on the cells after the focusing has occurred. Acoustophoresis
uses standing acoustic waves to manipulate the position of cells in a micro-channel. The
technique is gentle to the cells and has been used (prior to the authors work) to successfully achieve sample particle focusing, separation, sorting, fractionation, trapping, media
switching and in-field cell culturing. Figure 1.7 shows the general principle of acoustic
focusing together with some simulation results. By focusing the particles in the center
of the channel the variation in height and shape of the pulse curves (events) is greatly
reduced.

Figure 1.7: Schematics of 2D acoustophoretic focusing scheme from [20]. (a) shows the 1D
vertical, 1D horizontal and 2D focusing directions. (b) A schematic illustration of the cause
of the variation in measured impedance in a co-planar electrodes layout due to variation in
particle position. (c) Illustration of the variation in event signal from positional variation.
(d) Equivalent circuit model of the IFC system. Reproduced from [20] with permission from
the Royal Society of Chemistry.

7 µm polystyrene beads suspended in a saline solution (0.9 % NaCl in Milli-Q water) were
experimentally investigated. Particle position was determined using confocal microscopy.
In experiments with 1-dimensional focusing in the horizontal (side wall-side wall) direction
the beads were focused in a thin ribbon from top to bottom at the center of the channel,
while experiments with 1-dimensional vertical focusing (top-bottom) showed a curved
horizontal sheet across the channel. Both these results were in agreement with COMSOL
simulations. In experiments with 2-dimensional acoustophoretic focusing the confocal
imaging showed articles localized to the superimposed nodal point of the horizontal and
vertical focusing sheets. Additionally, experiments with size discrimination of particles (3
µm, 5 µm and 7 µm) were performed. Without acoustic focusing the size populations of
the three particle sizes were partly overlapping. In contrast, with 2D acoustic focusing the
size histogram displayed fully separated size distributions.
Inertial focusing
The phenomena of inertial focusing has been described by Di Carlo [21]. Inertial focusing
is a passive focusing technique that relies heavily on channel geometry and the interplay of
various inertial and drag forces acting on the particles in the flow. Tang et al [22] presents
1.3. IMPEDANCE FLOW CYTOMETRY IN LITERATURE
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a novel impedance microcytometer integrated with inertial focusing and liquid electrode
techniques for high-throughput cell counting and discrimination. They use an asymmetrically curved channel that order particles into a single lateral equilibrium position due to
the balance of transverse inertial lift force and Dean drag force. They go on to use their
calibrated microcytometer to investigate the size distribution of human breast tumor cells
and leukocytes, and successfully distinguish the tumor cells from the white blood cells

1.3.3

Electrode layout

The layout and design of the detection electrodes in an IFC chip is very important for
sensitivity and throughput of the system.
Enhancing sensitivity
Clausen et al. [23] uses the fact that the electric field between the electrodes in a co-planar
electrode layout runs parallel to the channel length to increase the sensitivity of the system.
By enlarging the perpendicular surface area of the detection electrodes while keeping
the general width of the measuring channel fixed, the electric field is forced through a
constriction in the exact point of detection. This leads to an improvement in signal-to-noise
ratio in the system compared to a conventional straight channel. Using FEM simulations
the authors show that the current density running between the detection electrodes is
increased when increasing the width of the electrodes. Finally the authors show that the
increase in SNR in the improved chip design enables the detection and differentiation of
0.5 µm and 1 µm beads, something that was not possible with the conventional design.
Measuring cell position and orientation
Since positional variation is one of the biggest contributors to variation in IFC systems
a lot of effort has been put into either focusing the position (as discussed earlier) or
compensating for the position in the measurement. In order to effectively compensated
for the positional variation it is of course important to know the position of the particle
in the channel. Several approaches to position estimations have been published.
Spencer et al. [24] has developed a solution for position compensation in a front-facing
electrodes layout. They present a microfluidic impedance cytometer that uses multiple
pairs of electrodes to measure the transit time of particles through the device in two simultaneous differential current measurements. Because of asymmetry in the detection
electrode configuration (see figure 1.8) the difference in transition between the two measurements provides a metric (∆XT SV − ∆XOBQ ) of the vertical position of the particle
in channel. The transition time measured on the symmetrical electrodes (∆XT SV ) follows the parabolic profile of the flow in the channel, meaning that the transition time
is fastest when the particle is positioned in the center of the channel. The same is true
for the transition time measured across the asymmetric electrodes (∆XOBQ ) except that
the asymmetry introduces a gradient that depends on the vertical position of the particle.
Comparing both transition times therefore allows the authors to calculate the vertical
position of the particle.

10
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Figure 1.8: Asymmetric measuring scheme from [24]. (a) Multiple pairs of electrodes
measure the impedance signal at the same time in the channel; one symmetric pair (i2
and i3 ) and one asymmetric pair (i1 and i4 ). (b-d) Simulated signal events for 7 µm bead
passing close to the top electrodes, through the centre, and close to the bottom of the
channel. Reproduced from [24] with permission from the Royal Society of Chemistry.

Using this metric to compensate the impedance measurements the authors successfully
minimise the variation in the measured magnitude of the impedance signal for off-centre
particles in experimental data. They go on to say that the technique will eliminate the
need for flow focusing and that it only requires trivial calibration of the flow chip with
regards to geometry to implement the solution.
If you are not using front-facing electrodes, but instead are using co-planar electrodes De
Ninno et al [25] has developed an alternative approach for vertical position determination
and compensation for this particular electrode layout. In their design a floating electrode is
placed between the excitation electrodes and each of the measuring electrodes (5 electrodes
in total). This leads to a characteristic quadruple Gaussian with the orientation of the
two first peaks being opposite to the last two peak as seen in figure 1.9.

1.3. IMPEDANCE FLOW CYTOMETRY IN LITERATURE
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Figure 1.9: Measuring schematics and event signals from [25]. (a-c) Shows the measuring
schematic, electric field and differential event signal from a standard configuration of coplanar electrodes. (d-f) Shows the measuring schematic, electric field and differential event
signal from the new configuration of co-planar electrodes suggested by the authors. (f) shows
the quadruple Gaussian with two saddle points. [25] - Published by The Royal Society of
Chemistry.

Because the design is co-planar and all the electrodes are placed on the bottom of the
channel, the relative ”dip” (saddle point) in current that occurs when the particle passes
above the floating electrodes is proportional to the vertical position of the particle in the
channel. The authors propose a new metric called the relative prominence (P) defined as
M −m
where M is the signal amplitude at the peak current and m is the signal amplitude
m
in the saddle point. Using the relative prominence to correct the positional variation in
the measured signal, the authors successfully separate 5.2, 6 and 7 µm beads based on
their size, something that was not possible without the position correction. Similarly,
they show that with compensation it is possible to get individual (but still overlapping)
populations when measuring the electrical diameter of 6 µm beads and yeast cells.
In Reale et al. [26] (that share co-authors with both of the previously introduced papers [24]
and [25]) they combine the designs of Spencer et al and De Ninno et al to build a system
capable of determining both vertical and lateral position of a passing particle. The coplanar design of De Ninno et al is used, as is, to measure the vertical position, while the
front facing design of Spencer et al is turned 90 °C on its side in order to measure the
lateral position. This is done by incorporating liquid electrodes on either side of the flow
channel as seen in figure 1.10. The end result is an impedance flow cytometry system
capable of detecting the exact position of any passing particle.

12
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Figure 1.10: (a) Design from [26] with regions for lateral and vertical position determination. (b) 3D render of the region for lateral flow determination. A set of symmetric
and asymmetric liquid electrodes allow for determination of the lateral position. (c) 3D
render of the region for vertical position determination. Floating electrodes between the
measurement electrodes creates a quadruple Gaussian with two saddle point that is used
to determine the vertical position. Reproduced from [26] under the terms of the Creative
Commons Attribution 4.0 International License.

In Shaker et al. [18] it is not the position of the cell or the particle that it of interest, but
the orientation and shape of the cells. Cell shape is related to a number of physiological
or pathological cellular conditions and monitoring the cell morphology can be of great
importance, particularly during cell division or mitosis. They have developed a noninvasive, label free device capable of single cell morphology discrimination. They do this
by having four liquid electrodes in a cross configuration as seen in figure 1.11. Prior to the
detection a set of DEP electrodes focuses and orients the cells. As seen in figure 1.11 the
detection area consists of four electrodes (1, 2, 3, 4). The AC input signal is applied to
electrode 1 and 3, and the resulting currents are measured on electrodes 2 and 4 (Ix and Iy ,
respectively). They define an anisotropic index (AI) as the ratio of the normalized event
current in the longitudinal direction (Sx ) and the normalized current in the transverse
direction (Sy ).

1.3. IMPEDANCE FLOW CYTOMETRY IN LITERATURE
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Figure 1.11: A picture of the microdevice for single cell shape-based discrimination with
details of the focusing/orientation unit and the shape sensing unit from [18]. (a) Microscope
images of the device. (b) A schematic representation of the device and the working principle.
Reproduced from [18] with permission from the Royal Society of Chemistry.

For spherical cells the anisotropic index is expected to be 1 due to symmetry. However,
for ellipsoidal particles or cells, the AI will be smaller or larger than 1 depending on the
morphology and orientation of the cells. The authors demonstrated the eﬀiciency of the
device by discriminating the division stage of budding yeast cells.

1.3.4

Event detection and modelling

Typically, ”raw” data from an impedance flow cytometry system takes a form like seen
in figure 1.12. The data typically contains two time dependent data streams (real and
imaginary parts) for each frequency used for measuring. ”Raw” data should not be misinterpreted to mean unprocessed data, but rather as data where the characteristic double
Gaussian events from the transition of a cell or particle has not yet been identified or
analysed. Before the data reaches this form it has already been processed in the lock-in
amplifier.

Figure 1.12: Typical ”raw” data from an IFC system from [27].

Before any conclusions can be drawn from the raw data, the events in the data stream
must be correctly identified. A faulty or imprecise event-detection algorithm will directly
impact the results from the experiments. Typically, a differential event is model as a
bipolar double Gaussian (or just bipolar Gaussian), but an effective detection algorithm
will also be able to handle different event shapes that could arise from different electrode
geometries or variations due to asymmetric effects (more on that below).
Caselli et al [27] has presented a simple and robust event-detection algorithm. The algorithm exploits that a differential measuring scheme is typically used and that the events
14
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therefore exhibit an odd-symmetric pattern. The approach uses cross-correlation with a
simple asymmetric template followed by a characteristic modulus cross-correlation. The
resulting signal is smoothed by a Gaussian smoothing template and the events are singled
out by peak finding. In order to reject false positives, the quality of the detected events
are assessed. To do this ratio of the even and odd parts of each event is computed. The
ratio is denoted E2 O. Do to the odd symmetry of the events the odd part of a true event
is expected to be larger than the even part. The E2 O index can therefore be used as
a quality indicator where low values indicates high quality events. The authors perform
a comprehensive evaluation of the performance of algorithms and find that they have a
sensitivity of 94.9 % and a positive predictive value of 98.5 %. As mentioned above the
typically expected shape of a differential event is a bipolar double Gaussian, but other
shapes might occur. Caselli et al [27] evaluates a shape that occurs if grounding electrodes
are placed in between the detection electrodes. This leads to a shape with two primary
peak with two smaller peaks in between and on either side (six peaks in total). This shape
is brilliantly named the ’bipolar Mexican hat’.
Spencer et al. [28] investigates how the shape of the differential event is affected by the
vertical position of the particle in the channel. They find that impedance signal is independent of position over the majority of the channel, but that a large variation occurs
when the particle passes close to the electrode surface. They use FEM (finite element
modelling) to simulate the passing of a particle at 3 different positions in a microfluidic
channel with front-facing electrodes (see figure 1.13). They find that both the amplitude
and the shape of the event changes when the particle passes close to the electrode surface
at either the top or the bottom of the channel. They conclude that this is due to high
electric field densities and edge effect near the edges of the electrodes. Specifically, the top
point of the event peak changes its position, leading to an effective change in measured
event velocity.

Figure 1.13: (b–d) Simulated voltage-time spectra for three horizontal planes corresponding to the mid-plane, and 5 µm from the top and bottom of the channel from [28]. (i-iii)
Diagrams of the current paths between the 4 electrodes in the impedance cytometer with
and without a particle (also from [28]). Reproduced from [28] with permission from the
Royal Society of Chemistry.

Experimental measurements on polystyrene beads were made to determine the electrical
response from particles a different positions in the channel. At low flow rates the particles
are positioned across the entire channel cross section and a distribution in both impedance
peak values and velocity is observed. By increasing the flow the particles are focused to
specific positions in the channel due to inertial focusing. At the high flow rate the variance
in the impedance signal is almost eliminated due to the fixed position of the particles.
1.3. IMPEDANCE FLOW CYTOMETRY IN LITERATURE
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Another way the amplitude and the shape of the event can be affected is if more than one
cell is present between in detection electrodes at the same time (in Hassan et al [29] they
call this a coincidence). This is particularly important when counting particles in order to
determine the concentration in the sample. If two or more cells are between the electrodes
at the same time they will only be counted as one cell leading to misleading concentration
measurements. The likelihood of this happening decreases with lower concentrations and
larger detection volume (the volume between the detection electrodes). However lower
concentration will increase the measurement time while a larger detection volume might
decease the sensitivity of the system. Both of these things are undesirable. In Hassan
et al. [29] they have developed a method for coincidence detection and calibration. They
show that the coincidence detection of in a co-planar chip measuring on T cells can be
characterized into three main types (see figure). Type 1 is characterized by a second cell
6
arriving in the detection area within 20
× T with T being the total time it takes a cell to
move across the electrodes. As the second cell enters the detection volume they predict a
sharp increase in amplitude as seen in figure 1.14. Type 2 is characterized by the second
6
13
cell entering the detection volume between 20
× T and 20
× T. In this case the width of
the event increases by an amount equal to the time delay at which the cell coincidence
occurs. As seen in figure 1.14 this can lead to a three peak event. Type 3 is characterized
13
by by the second cell entering the detection volume between 20
× T and T. In this case
the distance between the two cells is large enough to get separate peaks from each cell,
but due to the closeness of the cells during the passing some interference is still expected.
As seen in figure 1.14 this leads to an event with 4 peaks.

Figure 1.14: Illustration of type 1, type 2 and type 3 coincidence as described in [29].
Reproduced from [29] with permission from the Royal Society of Chemistry.

By taking the three types of coincidence (and combinations there of) into account the
authors show that the error in counting T cells due to coincidence is reduced to almost
nothing when the counts are compared to counts obtained by regular fluorescence flow
cytometry.

1.4

What is BactoBox?

BactoBox is a flow cytometer meant for enumeration of viable bacterial cells in liquid
samples based on impedance characterization of the cells. BactoBox is a tabletop device
that can be operated without the need for a pc or any other equipment. BactoBox is
developed by SBT Instruments as an instrument that will be sold to users in need of more
effective quantification of microbiology.
16
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Figure 1.15: Image of BactoBox

The device (as seen in figure 1.15) is operated using 4 buttons (Measurement, Stop, Empty,
Clean) and information about the ongoing measurement and the results of the measurement is displayed on a screen on the front of the device. It is not designed as a lab
instrument and as such the user only sees the final calculated concentration and does not
have access to the guts of the system and cannot change measurement specific settings.
Operation of the instrument is straight forward. The user connects a sample vial to the
tubing and presses the measurement button. After 3 min BactoBox will show the result
on the screen with the measured bacteria concentration. Bacterial samples are suspended
in liquid in 7 ml vials that are attached to a cap containing tubing for inflow and outflow
of sample. BactoBox contains all the components necessary to run a measurement (ie.
pump, memory, CPU, etc.). For development purposes the instrument can connect to a
PC through a custom developed web-interface where the expert user can gain additional
information about the measurement as it is running and change settings for measurement
parameters. BactoBox is meant to replace more traditional methods for microbiology
quantification, primarily methods relying on the growth of the bacterial cells for quantification.

1.5 Objective and outline
This thesis describes my efforts from the last 3 years at obtaining a better understating
of impedance measurements of bacterial cells. It will focus both on the more fundamental concepts of dielectric measurements of cells, but particularly on how the prototype
impedance flow cytometer (ie. BactoBox) developed and produced by SBT performs
these measurements. This means exploring the capabilities and boundaries of the device
in its current state. BactoBox has been under continual development during the span
of this project, with new updates appearing regular to both software, hardware and core
technology. Fundamentally the technological concept has been the same throughout the
project, but many important details have been tweaked, improved or removed, sometimes
based on input from my work, but often also based on input from commercial, user and
1.5. OBJECTIVE AND OUTLINE
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customer sources. It is both uniquely challenging and motivating to carry out research in
the space between R&D and commercialisation. When developing products, especially in
a start-up, you iterate fast, some of the time (maybe most of the time) without knowing
the reason why or how a particular feature failed or worked. In my opinion, this is the
right way to develop products. Quickly figure out what works and then build upon that.
The problem with this approach is that if you continuously skip the step where you actually understand the underlying mechanisms of the technology, you risk ending up not
understanding how anything works at all. This industrial PhD project was started as a
counter measure to this effect. There is a term that is used in business administration
called ”absorptive capacity” and it is defined as ”the ability of a firm to recognize the
value of new, external information, assimilate it, and apply it to commercial ends” [30]
and it is exactly the absorptive capacity of SBT Instruments that this PhD project will
help expand. It is the goal of the PhD project to support the product development of
BactoBox by providing more considered answers to why the technology behaves the way
it does. More than designing specific improvements to BactoBox, it is my hope that this
work will help build the foundation for future improvements of the technology in general
and of the product specifically.
This thesis is split into two major parts. Part 1 begins with chapter 2 and the introduction
of the theoretical background for dielectric characterization of bacteria. Next, chapter
3 gives a more practical presentation of the different functional parts of BactoBox. Both
of these areas are hugely complicated and very interdisciplinary, but my hope is that the
reader of will gain a better understanding of the underlying “hows” and “whys” of the
technology that make up BactoBox. Chapter 4 is the final chapter of part 1 and presents
the various ways we will use to analyse and visualise the impedance data obtained from
experiments with BactoBox.
Part 2 of the thesis consists of experimental work where I have used BactoBox to investigate
the dielectric properties of different bacteria and/or other particles. Chapter 5 presents
the results from a few different experiments that illustrate how different bacteria and
particles are measured and differentiated with IFC and BactoBox. Most interestingly,
it has a comparison between 6 different bacteria strains. Then, chapter 6 presents a
smaller experiment performed during a visit at the University of Barcelona, where we
measure the impedance response of samples with custom synthesized liposomes. The idea
is that the liposomes can be used as cell models, and by carefully controlling the synthesis
we can control properties such as size and membrane composition. The work from these
experiments resulted in a manuscript which is presented in this chapter. Chapter 7
presents work on the classification between viable and inactivated E. coli. The work has
resulted in two paper manuscripts which are both presented. The first paper takes a
general approach to inactivation looking at ethanol, heat and autoclaving as inactivation
methods. Based on the results obtained, the second paper looks deeper into the effects of
prolonged exposure to heat. As the last chapter of part 2, chapter 8 describes our efforts
at using IFC and BactoBox for fast antibiotic susceptibility testing, looking at the effects
of the antibiotic colistin on E. coli and Pseudomonas bacteria. Finally, chapter 9 will
have my concluding remarks and future outlook.
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Part I

2 Theory and Modelling
2.1 Electrical impedance
Electrical conductivity (σ) is a property of every conducting material that describes the
materials capacity for conducting electrical current. Furthermore, the conductance (G)
describes the current conduction ability of a specific piece of a given material with physical
dimensions height (h), length (l) and width (w) and is related to the conductivity in the
following way
G=σ

hw
l

(2.1)

Permittivity (ε) is a property given to dielectric materials (or insulators). Dielectric materials can be polarized due to displacement of charges inside the material in response to
an applied electric field. The permittivity describes how easy it is to polarise the material
and is often given as a relative value (εr ) compared to the vacuum permittivity (ε0 )
(2.2)

ε = εr ε0

Impedance is a measure of the frequency dependent resistance of an electrical circuit to
a current when a voltage is applied. Impedance is measured in Ohms (Ω). Impedance is
represented by a complex number and can therefore be written as having a real and an
imaginary part
Z = ZRE + i × ZIM
(2.3)
where ZRE and ZIM is called the resistance and reactance, respectively. The complex
impedance can also be represented by an amplitude and the phase
√
2 + Z2
(2.4)
|Z| = ZRE
IM
arg(Z) = arctan(

ZIM
)
ZRE

(2.5)

2.1.1 The impedance of electrical components
In electrical circuits, each component of the circuit has its own impedance. The impedance
of the three basic circuit components (the resistor, the capacitor, and the inductor) can
be calculated from the physical properties of the components.
The impedance of the resistor is independent on frequency and inversely dependent on the
conductance of the resistor
ZR = R =

1
1 l
=
G
σ wh

(2.6)

The impedance of a capacitor is inversely dependent on the frequency (ω)
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ZC =

1
iωC

(2.7)

where C is the capacitance of the capacitor and an expression of the amount of charge that
can be stored in the capacitor. The capacitance of a ideal plate capacitor comprised of
two parallel plates placed across from each other a a distance (d) with a dielectric material
in between is calculated by
C = εr ε0

A
d

(2.8)

where εr is the relative permittivity of the dielectric material and A is the area of the
plates.
Finally, the impedance of an inductor is directly proportional to the frequency
ZL = iωL

2.2

(2.9)

Bacteria

Bacteria make up a very diverse population of cells, both when it comes to cell morphology (e.g., shape and size) and cell activity (e.g. metabolism), and are found in almost
all environments and habitats around the world. Understandably, most research and investigations into bacteria in the last 150 years has focused on disease-causing bacteria,
resulting in a number of isolated pure cultures used for laboratory work. However, a very
large population of bacteria are free-living species (e.g., environmental bacteria or marine
bacteria) that researchers have only recently begun mapping and understanding. Therefore, it is impossible to lay down strict rules for bacterial composition or structure, and
exceptions exist to any general statement.
Bacteria generally come in three shapes: spherical (coccus), rod-shaped (bacillus), or
curved (vibrio, spirillum, or spirochete). Even within these three main groups considerable
variation has been observed based on environmental factors and growth conditions, even
within the same species of bacteria. Some bacteria naturally form integrated groups of
cells such as cocci-species that grow in pairs (ie. diplococcus) and Streptococci that grow
in long chains.
An average-size bacterium (e.g. the rod-shaped Escherichia coli) is about 2 µm long and
0.5 µm in diameter, and the spherical cells of Staphylococcus aureus are up to 1 µm in
diameter.
Unlike in eukaryotic cells, the DNA in bacteria is not enclosed in a nucleus but instead
resides in the bacterial cytoplasm. The cytoplasm makes up most of the volume of the
bacteria and is enclosed by a structural shell referred to as the bacterial envelope. The
cytoplasm of a bacterial cell consists of 80% water and (besides the genetic material)
also holds various enzymes, nutrients, inorganic ions, and many low molecular weight
compounds [31].
The bacterial cell envelope is the name given to the membranes and/or shells that surround
the cytoplasm [32]. The cell envelope in bacteria is highly complex and plays a crucial
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role for the survival of bacteria in hostile and unpredictable environments where other
eukaryotic cells would perish. The envelope allows selective crossing of nutrients into the
bacteria and also functions as surfaces on which reactions can occur.
Bacteria are generally classified into two groups based on their ability to retain staining
with crystal violet stains. This method of classification was developed by Christian Gram
in 1884 and the two groups of bacteria are consequently called gram-positive and gramnegative. The reason why some bacteria retain the crystal violet stain and others do not,
originates in the essential differences in cell envelope structure of the two groups.

2.2.1 Gram-negative bacteria
The majority of information about the structure of gram-negative bacteria comes from extensive studies of E. coli, but the group also contains many other important species such as
Pseudomonas, Salmonella and Klebsiella. The gram-negative cell envelope is comprised of
3 main layers as illustrated in figure 2.1: the outer membrane, the peptidoglycan layer and
the inner membrane (also called the cytoplasmic membrane or just plasma membrane).
Starting from the inside, the first layer is the inner membrane also referred to as the cytoplasmic membrane or just the plasma membrane. The inner membrane is a lipid bilayer
made up of phospholipids. Phospholipid are amphiphilic molecules, with a hydrophilic
head and a hydrophobic tail (as illustrated in figure 2.1) and are the main component of
all biological membranes. The hydrophobic tail is made up of by two hydrocarbon chains
while the hydrophobic head constitutes a negatively charged phosphate group which is
linked to an organic compound

Figure 2.1: Illustration showing the basic envelope structure of gram-negative and grampositive bacteria. The gram-negative bacteria envelope is made up of three layer: an outer
lipid membrane, a periplasmic space that also holds the peptidoglycan layer, and an inner
lipid membrane. The gram-positive envelope has a much thicker peptidoglycan layer surrounding a single lipid membrane. Created with BioRender.com.

The inner membrane holds many of the proteins associated with energy production and different biosynthesis processes. The thickness of the inner membrane varies (e.g., depending
on species) but is reported to be between 4-10 nm [33–36] .
2.2. BACTERIA
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The aqueous cellular compartment between the inner and outer membrane is called the
periplasm or periplasmic space. It is in this space, that the peptidoglycan wall of the gramnegative bacteria is found. Peptidoglycan is made up of repeating units of the disaccharide
N-acetyl glucosamine-N-actyl muramic acid, which are cross-linked by pentapeptide side
chains [37]. It is a tough and rigid wall compared to the fragile lipid membranes and
enables the bacteria to survive in harsh conditions. For example, the peptidoglycan wall
prevents the bacteria from swelling under hypertonic or hypotonic conditions and thus
helps prevents cell lysis when the cell experience a sudden change in osmotic pressure
(e.g., if the cell is put into distilled water). Antimicrobial agents such as β-lactams (e.g.,
penicillin) inhibits the synthesis of peptidoglycan, leaving the cells vulnerable to external
pressure. The resulting cells (i.e. cells without peptidoglycan walls) are called spheroplasts. Spheroplast E. coli have been seen to continue their metabolism for hours, even
though they are not viable [38]. The last layer in the envelope structure of gram-negative
bacteria is the outer membrane. Like the inner membrane, the outer membrane is a lipid
bilayer, but unlike the inner membrane it is not primarily made up of phospholipids. Only
the inner leaflet (the inner part of the bilayer) is made of phospholipids while the outer
part is made of primarily lipopolysaccharides (LPS). LPS are large molecules consisting
of three regions: the lipid structure required for insertion in the outer membrane, the core
polysaccharide and the polysaccharide chain (see figure 2.1). They are essential to the
structural integrity of the outer membrane and play an important role in the pathogenesis of many Gram-negative bacteria. The outer membranes function primarily as a solid
barrier, protecting the inner layers of the cell envelope and the cytoplasm of the bacteria
from toxic molecules. The outer membrane is a unique feature of Gram-negative bacteria
and is not found in gram-positive bacteria.

2.2.2

Gram-positive bacteria

The Gram-positive cell envelope is different from that of gram-negative bacteria in two
important ways. The peptidoglycan wall is much thicker in gram-positive bacteria (30100 nm in gram-positive bacteria compared to a few nm in gram-negative) and they lack
the outer membrane (see figure 2.1). The thicker peptidoglycan wall helps gram-positive
bacteria survive in harsher environments even without the protective outer membrane.
The peptidoglycan wall of gram-positive bacteria is similar in structure to that found
in gram-negative bacteria but instead contains multiple stacked layers. Long anionic
polymers, called teichoic acids, are woven through the peptidoglycan layers, some of which
are attached to the peptidoglycan layers binding them together and others are attached
to the surface of the inner membrane. The inner membrane in gram-positive bacteria is
largely similar to that found in gram-negative bacteria.

2.2.3

Bacteria viability

Cell viability is of particular interest when evaluating the dielectric properties of bacteria
using IFC. Viability is obviously an important factor to consider in risk and contamination
assessments. In a production environment (e.g., a food production), an abnormally high
concentration of viable bacteria is considered problematic, but if the majority of the cells
are dead the risk decreases dramatically.
Even though viability is a frequently used term, its definition is not straight forward. For
bacteria and other microbes, even the use of terms like ‘alive’ and ‘dead’ is awkward and
the definition of these terms could be considered more of a philosophical challenge than
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a technical one. Instead of ‘alive’, we could use terms like healthy, viable or active, and
‘dead bacteria’ could for example be replaced with ’inactivated bacteria’.
In practice, determination of microbial viability by the plate count method is used every
day in microbiology laboratories worldwide and is considered the “gold standard” of viability determination [39]. It is based on the idea that a single bacterium, if viable and
placed on the appropriate growth medium under appropriate conditions, can grow and
multiply until it forms a colony large enough to be determined with the naked eye. The
number of visible colonies, or colony forming units (CFU), on the surface is then counted
to evaluate the number of viable cells in the original sample. This makes the plate counting
method very sensitive, since it in principle only need one viable bacterium in the sample
to produce a result. It is, however, not possible to obtain information about the number
of inactivated bacteria in a sample using this method.
Even with its many advantages and widespread use, the plate count method cannot be
considered a universal approach to viability determination. In principle, this is because
the loss of culturability can be caused by two circumstances [40]:
1. The loss of culturability is a result of cellular deterioration (i.e. cell death, inactivation, etc.)
2. The loss of culturability is an adaptive and programmed survival mechanism of the
bacterial cell
The first circumstance can generally be assumed when dealing with standard reference
microorganisms acquired from organizations such as the American Type Culture Collection (ATCC) or the German Collection of Microorganisms and Cell Cultures (DSMZ). If
microorganisms acquired from such an organization won’t grow when under the prescribed
growth conditions, it can be considered inactivated. The second circumstance has led to
the term viable but nonculturable cells (VBNC), that describes cells that are metabolically
or physiologically active but cannot be cultured on specific media [41]. It is estimated that
less than 1 % of the bacteria observable in microscopes in environmental samples can be
accurately determined as viable by the plate count method [42]. Furthermore, the bacterial
cells can enter states that are described as “dormant” [43], “moribund” (ie. approaching
death) [39], or “latent” [44], where they won’t grow easily on an agar plate, but still play
some role in disease or fouling processes. Even in cases where the cells do grow, it can
be ambiguous to directly relate the CFU count to cell concentration, since a single colony
may have formed from 2 or more cells in close vicinity.
It can be problematic to think of viability as an either-or questions, both for single cells
and especially for populations of cells. Figure 2.2 shows the range of potential viability
states for a microorganism between alive and dead, and illustrates the point that even
cells that appear inactivated may recover eventually.
It is generally agreed that disruption of the cell membrane correlates well with viability.
Inactivation methods with e.g. surfactants or alcohol causes immediate loss of membrane
integrity, resulting in catastrophic loss of homeostasis, cellular functions, and culturability
[46]. However, other inactivation methods that will cause immediate loss of culturability
(such as inactivation with ultraviolet light) will only later (hours or days) show degradation
of cellular components and the cell membrane.
2.2. BACTERIA
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Figure 2.2: The route from alive to dead for a microorganism contains many steps and
while the extremes are relatively well defined the steps in between may not be. Figure
from [45].

2.3

Dielectric modelling of biological material

The impedance of tissue has been studied for more than a hundred years. Since the
beginning of the 20th century researchers have been trying to understand the electrical
properties of tissue and biological material. Today we have a much better understanding
of the structural building blocks of both eukaryotic and prokaryotic cells, however much
of the theoretical and analytical background developed then is still used today.
As early as 1922, Green and Larson were discussing the conductivity of bacteria [47] in
relation to assessment of bacterial viability. In the 1930s and 1940s researchers like Kenneth Stewart Cole [48] and Herman P. Schwan [49] developed comprehensive analytical
models for the electrical behaviour of biological material. Schwan categorises the dielectric dispersion of biological material into three different ranges; α-, β- and γ-dispersions.
α-dispersion is associated with tissue interfaces, β-dispersion is related to the dielectric
relaxation and polarisation of biological membrane or what we today would refer to as
phospholipid bilayers in cells. Lastly, γ-dispersion is related to the dielectric relaxation of
water molecules. We are primarily concerned with β-dispersion.

2.3.1

Mixture theory

Maxwell mixture theory (MMT) takes an effective medium approximation approach to
the overall impedance of a suspension of spherical particles dispersed in medium.
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Figure 2.3: Sketch showing the detection channel with two electrode sets (Z and Z0 ) and
a single-shelled sphere with dielectric properties εi and εshell suspended in the electrolyte
medium (εm ) between one of them. The electric field between the first electrode set is
perturbed by the presence of the sphere.

Figure 2.3 show a sketch of the detection channel of the microfluidic chip with two sets of
detection electrode and a cell present between one of the sets. Let’s call the impedance
between the electrode pair with the cell Z and the impedance between the set with no cell
Z0 .
The complex impedance between the electrode sets is calculated using
Z∗ =

1
jωε∗mix lκ

(2.10)

and
Z0∗ =

1
jωε∗m lκ

(2.11)

where j is the imaginary unit, ω is the angular frequency, κ is a corrected cell constant
that depends on the geometry of the electrodes, l is the electrode length perpendicular
to the flow, ε∗m is the complex permittivity of the suspending medium, and ε∗mix is the
effective complex permittivity of the mix of medium and particle between the electrodes.
The complex permittivity depends on the relative permittivity (εr ) conductivity (σ) and
the angular frequency (ω) in the following way
ε∗ = ε0 εr − j

σ
ω

(2.12)

The complex permittivity of a dilute suspension of particles between two electrodes is
given by MMT as
ε∗mix = ε∗m

1 + 2ϕfCM
1 − fCM
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where ε∗mix is the complex permittivity, ϕ is the ratio of the particle volume to the detection
volume and fCM is known as the Clausius–Mossotti factor calculated as
fCM =

ε∗p − ε∗m
ε∗p + 2ε∗m

(2.14)

with ε∗p and ε∗m as the complex permittivity of the particle and medium. The complex
differential current (∆I) between Z and Z0 at a given applied potential is calculated as
∆I ∗ = I ∗ − I0∗

(2.15)

with I and I0 calculated using Ohms law from Eq. 2.10 and Eq. 2.11
The Clausius-Mossotti factor also plays an important role in the field of dielectrophoretic
manipulation of dielectric particles. Dielectrophoresis, or DEP, is defined as the movement
of polarisable particles in a non-uniform electric field. In an AC-field the time averaged
DEP force on a particle is given by
FDEP = Kgeo × εm ε0 × Re[fCM ] × ∇|E|2

(2.16)

The magnitude of the DEP force is therefore related to the field strength and the ClausiusMossotti factor and the direction of the force depend directly on the sign of the real part of
the Clausius-Mossotti factor. Kgeo is a geometry factor that depends on particle geometry
(for a sphere the geometry factor is 2πr3 ).
Non-spherical cells
Many bacterial cells are not spherical but instead rod-shaped (e.g., E. coli, Listeria and
Bacillus species). For these cases, a modified Clausius-Mossotti has been derived [50] that
defines the it for each principal axis of an ellipsoidal particle

fCM =

(

ε∗p − ε∗m

3 An (ε∗p − ε∗m ) + ε∗m

)

(2.17)

where An is called the depolarisation factor and depends on the orientation of the particle
in relation to the electric field calculated as
1
An = a 1 a 2 a 3
2

∫

∞
0

(s +

a2n )

ds
√
(s + a21 )(s + a22 )(s + a23 )

(2.18)

where s is an arbitrary distance for integration and a1 , a2 and a3 are the half length
for the three principle axis of the the ellipsoid. In the case where a1 >> a2 = a3 , the
depolarisation factor along the major axis (a1 ), is given by the relationship
[
(
)]
1+e
1 − e2
2e − ln
A1 = −
2e3
1−e
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where e is the eccentricity given by
√
e=

(

1−

a2
a1

)2
(2.20)

The sum of the depolarisation factors for the principal axis is always 1 (A1 + A2 + A3 = 1),
which means that in the case of an ellipsoid where a1 >> a2 = a3 , the depolarisation factor
for the remaining 2 principle axis can be calculated as
A2 = A3 =

1 − A1
2

(2.21)

Shelled particles
Even the simplest cell can not be represented adequately as a homogeneous sphere. A
more appropriate model consists of a homogeneous sphere (or core) with one or more
concentric shells of various thicknesses surrounding it representing the cell envelope as
shown in figure 2.4. Each layer has its own permittivity and conductivity but the entire
structure (shells and core) can be modelled as a homogenous particle with an effective
complex permittivity that relates to each shell of the original particle.
Multiple shells

Single shell
First shell
dshell

dshell

Second shell
dshell

r

r

r

εi

εi
εshell

εi
εshell
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Figure 2.4: Sketch of a single shelled and multi shelled spherical particles for modelling.
To calculate the effective permittivity of a multi shelled particle, first calculate the effective
permittivity of the interior and the first shell. Then, using the just obtained effective
permittivity, calculate the permittivity including the second shell.

For cells modelled as spherical single-shelled particles the effective complex permittivity
is found using
( ∗ ∗ )
ε −ε
+ 2 ε∗i+2εshell
∗
i
shell
(
)3 ( ∗ ∗ )
εi −εshell
r
− ε∗ +2ε∗
r−dshell

(
ε∗ef f = ε∗shell

r
r−dshell

)3

i

(2.22)

shell

with r being the particle radius including the shell, dshell is the shell thickness, εi is
the complex permittivity of the interior sphere and εshell is the complex permittivity of
the shell. The model can be extended to multiple shells by using Eq. 2.22 for each shell,
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starting from the innermost shell and continuously calculating a new effective permittivity
from the previous effective particle permittivity and adding the new shell as illustrated
in figure 2.4. Each membrane is in itself a complex biological system and specific values
for conductivity and permittivity are not necessarily easy to find for every variation of
bacteria.
If the shelled particle is an ellipsoid oriented along the axis k, the effective permittivity
can be calculated in a similar way using [51, 52]
ε∗ef f = ε∗shell

βk (1 − γ)ε∗shell + (1 + βk γ)ε∗i
(βk + γ)ε∗shell + (1 − γ)εi
1 − Ak
Ak

(2.24)

(a1 − dshell )(a2 − dshell )(a3 − dshell )
a1 a2 a3

(2.25)

βk =

γ=

(2.23)

This reduces to Eq. 2.22 when a1 = a2 = a3 = r and A1 = A2 = A3 = 1/3.

2.3.2

Equivalent circuit modelling

An equivalent circuit is a simplified circuit that retains the electrical characteristics of the
original system. Equivalent circuit modelling (ECM) is a widely used way to describe the
electrical properties of complex physical systems. The ECM provides a powerful way to
discuss the electrical behaviour of a system without the complexity of the physical system.
The equivalent circuit for a set of front-facing micro-electrodes is illustrated in figure 2.5
together with a sketch of the complex impedance response of such a circuit. The physical
components modelled in the system are the electrolyte medium between the electrodes,
the double layer impedance at the electrode surface and the parasitic capacitance.

Figure 2.5: ECM of two front facing electrodes with medium in-between. ECM components are capacitance and resistance of the electrical double layer (Cdl & Rdl ), the capacitance and the resistance of the medium (Cm0 & Rm0 ), and the parasitic capacitance (Cpar ).
An illustration of the frequency dependent modulus and argument with arrows indicating
which components dominate at which frequencies.
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Medium impedance
The medium between the electrodes is modelled as a capacitor (Cm0 ) and a resistor (Rm0 )
in parallel connection. The medium can be any liquid, but for biological applications a
number of different saltwater solutions are used (e.g. phosphate buffered saline, Hanks
Balanced Salt Solution, Ringer’s solution, etc.). The capacitance of the medium arises from
the strong polarity of the water molecules. The relative permittivity at room temperature
is 80, however the exact relaxation mechanism of water is complex [53] and depends on
temperature, frequency and confinement [54] . The conductivity of the medium depends
on the ionic concentration and is considered to be linear at low voltages (at higher voltages
the current is limited by mass transport of ions to the electrodes).
Double layer impedance at the electrode-medium interface
When a charged surface comes into contact with an electrolyte solution, an electrified
layer forms at the interface between the two materials. While the electrical behaviour at
this interface can be complicated to predict, the model developed by Stern through combinations of earlier models from Helmholtz and Gouy-Chapman, is considered to describe
it adequately. As the electrode surface is covered in medium, a chemical reaction occurs
where electrons are transferred between the electrode and the medium. When the reaction reaches its electrochemical equilibrium, a layered structure is formed in the electrolyte
called the electrical double layer (EDL). The ECM can be divided into three sub-layers,
the inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP) and a diffuse ion layer
or ion cloud. The IHP consists of a layer of oriented water molecules creating a hydration
sheath at the electrode surface. The OHP is made up of hydrated ions, some of which
adsorb to the electrode surface, breaking the IHP.
The capacitance associated with the IHP and OHP is called the Helmholtz capacitance
(CH ) and is calculated using
CH =

ε0 εr
dOHP

(2.26)

where CH is the capacitance per unit area (F /m2 ), ε0 is the vacuum permittivity, εr is
the relative permittivity of the electrolyte and dOHP is the distance from the electrode to
the OHP. Due to the electrostatic restriction of the water molecules near the interface,
the relative permittivity used to calculate the Helmholtz capacitance is significantly lower
than the permittivity of water in bulk with studies finding the permittivity of confined
water can be as low as 2. Typically, the distance from the electrode surface to the OHP
is ~5Å. The diffuse ion layer helps explain why the ECM depends on parameters such
as temperature, applied potential and ionic strength of the medium. The characteristic
thickness of the diffused layer is called the Debye length (lambdaD ) and is calculated using
√

√
λD =

ε0 εr Vt
=
2nz 2 q

ε0 εr k B T
2NA q 2 I

(2.27)

where Vt is the thermal voltage ( kBq T ), n is the bulk concentration of ions in the electrolyte
(ions/l), z is the valence of the ions, q is the charge on an electron, T is the absolute
temperature, NA is Avogadro’s number, and I is the ionic strength. The Debye length
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depends on the bulk concentration of ions in the electrolyte and therefore also on the
conductivity of the electrolyte. Table 2.1 shows typical Debye lengths in common buffer
solutions [55] where it is seen that the Debye length for 1/10xPBS dilution starts being
comparable to the thickness of a lipid cell membrane (5-10 nm).
Table 2.1: Debye lengths for dilutions of phosphate buffered saline (PBS) at a pH of 7.4.
Values obtained from supplementary material of [55]

Solution
1xPBS
1/10xPBS
1/100xPBS

Ionic strength
162.7 mM
16.27 mM
1.627 mM

Debye length (λD )
0.76 nm
2.41 nm
7.61 nm

The capacitance created by the diffuse layer is also called the Gouy-Chapman capacitance
and is calculated using

CGC

ε0 εr
=
cosh
λD

(

zV0
2Vt

)
(2.28)

where V0 is the potential at the electrode surface. Since there is no confinement of the
water molecules in the diffuse layer, the permittivity is considered to be equal to that of
bulk water. By combining the Gouy-Chapman model (Eq. 2.28) with that of Helmholtz
(Eq. 2.28), the total capacitance of the ECM (CDL ) can be found
1
CDL

=

1
1
+
CH
CGC

(2.29)

Double layer resistance
A DC potential applied to the electrode may under certain conditions allow a current to
flow caused by charge transfer through the double layer, diffusion of reactants to and from
the electrode surface, chemical reactions at the electrode and exchange of metal atoms
with corresponding ions in solution [56]. These effects leads to the addition in the ECM
of a double layer resistance parallel with the double layer capacitance. These mechanisms
are complex, not necessarily linear and will not be discussed in detail here.
Parasitic capacitance
The final component of the ECM is the stray capacitance that appears due to unwanted
cross-connection between electrode vias and other interconnections (e.g spring-pins) in
proximity to each other, either on the chip itself or in the connections between the chip
and the electronics PCB.
Frequency dependent impedance response
As seen in figure 2.5 the impedance response of the ECM consists of four overall regions. At
very low frequencies the impedance is very high, and current is only conducted through
charge transfer in the gaps of the hydration sheath at the electrode surface. As the
frequency is increase the ECM capacitance is short circuited. At some frequency, a plateau
is reached where the medium resistance dominates. It is preferable to perform experimental
measurements in this frequency range since it is free of influence from both the ECM
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and the parasitic capacitance of the system. At even higher frequencies the parasitic
capacitance and the capacitance of the medium dominates.

2.3.3 Model with bacteria
The simplest ECM representing a bacteria between two electrodes consists of the resistance
of the medium in parallel with a capacitor representing the membrane of the bacteria and
another resistor representing the cytoplasm in the core of the bacterium as shown in figure
2.6. Pure lipid membranes are considered very good insulators however bacteria membranes are not a pure lipid membranes. In fact, bacterial membranes and biomembranes
in general are considered highly heterogeneous and dynamic structures, where lipids, proteins and other biomolecules interact dynamically. Even so, the electrical conductivity of
a healthy and intact bacterial membrane is still considered to be very low. Since both
the cytoplasm and medium contain electrolytes, the insulating membrane ends up acting
like a capacitor (ie. an insulating layer separating two conducting solutions). To keep the
model as simple as possible we omit the effects of the ECM at low frequencies and the
effects of the parasitic capacitance at higher frequencies. These effects may influence the
impedance response of the bacteria depending on the chosen frequencies. The impedance
of Z (as shown in figure 2.6) is illustrated as being higher than Z0 at low frequencies and
drop to being lower than Z0 when the membrane capacitance is short circuited. This is
true if the resistance of the cytoplasm is lower than the corresponding volume of water
that it replaces. Interestingly, while the differential modulus (Z − Z0 ) appear similar
to that of Z, the differential argument changes much more significantly compared to its
non-differential counter-part.

Figure 2.6: Simplest ECM of a cell suspended in medium between two electrodes (Z)
and the corresponding electrode set without a cell (Z0 ). Also shown is an illustration of
the frequency dependent modulus and argument of the impedance of Z and the differential
modulus and argument (Z − Z0 ). The impedance of Z is illustrated as being higher than
Z0 at low frequencies and drop to being lower than Z0 when the membrane capacitance is
short circuited.

The cytoplasm consists of 80% water with various inorganic ions giving it conductivity,
but also holds a number of different enzymes, nutrients, and the DNA of the bacterial
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cell. The permittivity of these other biomolecules can affect the overall permittivity of
the cytoplasm, and values of ~60 are have been used for modelling [14, 36]. Bacteria can
regulate the ionic content of the cytoplasm through e.g. osmoregulation [57] in response
to external condition in order to survive which will lead to changes in the conductivity of
the cytoplasm. This can happen slower over longer time as a response to changing growth
conditions or very quickly if the environmental conditions rapidly change. Figure 2.7
illustrates how the impedance response of the ECM shown in figure 2.6 would change if the
conductivity of the cytoplasm changes. It is especially interesting to notice the significant
shift in differential argument when the impedance amplitude of Z crosses that of Z0 and
that the differential amplitude of 1 × Rcyto and 20 × Rcyto is very similar. This will become
important later where we will use the differential argument to differentiate bacterial cells
and particles based on their effective conductivity compared to the surrounding medium
(ie. the relationship between the amplitude of Z and Z0 ).

Figure 2.7: Impedance response of a single electrode set Z and the differential impedance
Z − Z0 . The frequency dependent impedance response is plotted with variation in the
cytoplasm resistance and membrane capacitance.

2.3.4

Model with bacteria with a perforated membrane

As previously discussed, the electrical resistance across an intact biological membrane
is considered to be very high. However, perforation of the membrane (e.g. caused by
inactivation agents like alcohol or antibiotics) will lower the membrane resistance as illustrated in figure 2.8. As the membrane resistance drops we see a change of both modulus
and argument in the lower frequency range. Because the membrane capacitance is already
short-circuited at higher frequencies it does not matter much in this frequency range when
the membrane resistance drops. Again, it is interesting to note that the differential argument shifts significantly as the impedance of Z changes from being higher to lower than
Z0 .
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Figure 2.8: Impedance response as a function of membrane resistance for the single electrode set Z and the differential impedance Z − Z0 .

2.3.5 Quantitative evaluation of the ECM
While our discussion has focused more on the qualitative interpretation of various equivalent circuits, it is possible to use the equivalent circuits to make quantitative predictions
of the impedance if the values or expressions for the individual components is known. For
example, Morgan et al. [58] have derived equations based on Maxwell Mixture Theory
for the resistance and capacitance of the medium and for the membrane capacitance and
the cytoplasmic resistance. The model they use is a spherical cell with one membrane
suspended between two electrodes.
Rm =

1
1
1
σm (1 − 3Φ/2) lκ

(2.30)

Cm = ϵ∞ lκ

(2.31)

Cmem =

9ΦRCmem,0
lκ
4

(
4
Rcyto =

1
2σm

+

1
σcyto

9Φ

(2.32)

)
1
lκ

(2.33)

with
Cmem0 =

ϵmem
d
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ϵ∞ = ϵm

2ϵm + ϵcyto − 2Φ(ϵm + ϵcyto )
2ϵm + ϵcyto + Φ(ϵm + ϵcyto )

(2.35)

where Cmem0 is the specific capacitance of the membrane, d is the thickness of the cell
membrane and ϵ∞ is the permittivity at infinite frequency.

2.4

Chapter summary

In this chapter, the concepts of impedance has been introduced together with the material properties conductivity (σ) and permittivity (ε). We also introduced the frequency
dependent complex permittivity and discussed how it can be used in effective medium approximations (such as Maxwell Mixture Theory) to calculate the impedance of a particle
or bacteria suspended in an electrolyte medium between two electrodes.
The basic structure of bacteria was presented with particular focus on the differences
between gram positive and gram negative bacteria. Gram negative bacteria has a three
layered envelope structure with a thin peptidoglycan layer sandwiched between to lipid
membranes, while gram positive have a thicker peptidoglycan layer encapsulating a single
lipid membrane. This difference is particularly interesting since the electrically isolating
lipid membranes play a crucial role in the impedance response of the bacteria.
This role was illustrated using a number of different equivalent circuit models where the
bacteria envelope (including the membrane) was represented by a capacitor and the electrically conducting cytoplasm in the core of the bacterium was represented by a resistor.
It was considered how the membrane capacitor shielded the cytoplasm at lower frequencies forcing the current to pass through the electrolyte around the bacterium, but as the
frequency increased was bypassed and allowed probing of the cytoplasm. We saw how
the differential impedance between an electrode set with a bacterium present and one
with only electrolyte differed from that of just a single electrode set. This was especially
apparent when the effective impedance of the bacterium changed from being higher than
the surrounding medium to lower (or vice versa), for example when the frequency was
increased and the membrane capacitor was short circuited, but also when the membrane
resistance was lowered e.g. due to membrane perforation.
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3 The impedance flow cytometer
This chapter will introduce the important parts and components of BactoBox together
with the concepts and ideas needed to understand how they work.

Figure 3.1: Flow diagram of the flow cytometer functionality

Figure 3.1 shows a functional diagram of the components of BactoBox divided into four
areas (sample prep and fluidics, analog hardware, digital hardware and software) marked
in different colours. Furthermore, the most important part of BactoBox, the flow cell
or microfluidic chip, makes up the fifth area. The diagram in figure 3.1 only shows the
primary functionality relevant to the measurement of bacteria and omits several auxiliary
functions that are important to the actual operation of the device such as pump controls,
display drivers, file management, etc. In the following sections we will go through the 5
areas and discuss the functionality and interface between them.
The sample prep and fluidics area is concerned with how the sample enters and exits the
flow cell. The primary components are the sample vial, the pre-filter, the pump and the
flow cell it self. The sample prep and fluidics area is discussed further in section 3.2.
The flow cell is the heart of the flow cytometer. It is a microfabricated microfluidic
chip that contains the detection electrodes needed for impedance measurements of single
bacteria. The flow cell interfaces with both the fluidic system and the analog electronics.
The flow cell is discussed further in section 3.1.
The hardware (or electronics) is divided into two areas; analog and digital. The purpose
of the analog electronics is primarily amplification of the detection signal before and after
the flow cell. The digital hardware consists of a lock-in amplifier implemented on a field
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programmable gate array (FPGA) where the detection undergoes several treatment steps.
The electronics are discussed further in section 3.3.
Finally, the data analysis area is where the final data treatment happens. It is also here
that the event detection is performed and here where the final concentration of bacteria
is calculated. The data analysis is discussed further in section 3.4.
Before we go into more detail about each area of the device, let us take a look at BactoBox
itself. During the span of this project BactoBox has been under constant development,
which means that hardware and software has been continuously updated, however the
basic functionality has been kept the same. One major hardware update has been done
about halfway through the project (in late 2019), where the hardware components were
unified on one PCB. Before this change the hardware was separated on several PCBs
(e.g. the analog amplification circuit, i.e. TIA, was placed on a separate PCB). This
pre-production version of BactoBox can bee seen in figure 3.2. In Figure 3.2a, the outside
of BactoBox is shown. Four buttons underneath the display control the basic functionality
(measure, stop, empty and clean). The flow cell and flow cell cover are removed so that
the fluidic and electrical interface between BactoBox and the flow cell can be seen. Figure
3.2b shows the inside of the pre-production BactoBox, including the peristaltic pump, the
TIA, a Red Pitaya (an embedded device that combines a computer with ARM processor,
an FPGA and a electronic board with ADCs and DACs) and connection boards. Later,
in chapter 5, 6, 7 and 8, I will specify in the beginning of each chapter which BactoBox
version has been used to collect the experimental data. The version before the hardware
revision will be called v1 and the one after the revision will be referred to as v2.

Figure 3.2: Image of Bactobox prototype v1. a) shows the outer shell with the user
interface, buttons, fluidic and electronic connections for the flow cell. b) Inside of the v1
BactoBox.

Figure 3.3 shows BactoBox after the hardware unification. The outside remains essentially
the same, but the inside is significantly cleaner. The Red Pitaya was replaced by a
custom design (designed by TekPartner A/S, Herlev, Denmark) implementing the Zynq38
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7000 SoC from Xilinx (San Jose, CA, USA) with software programmability and hardware
programmability (in the form of an FPGA) very similar to the Red Pitaya. In figure 3.3a
the external sample connections are also seen. A cap with tubing connected is secured at
the top of a plastic vial placed in one of the three available sample notches.

Figure 3.3: Image of Bactobox prototype v2. a) Outside of the device b) Inside of the v2
BactoBox.

3.1 Flow cell
The flow cell is the heart of the impedance flow cytometer. It is a microfabricated microfluidic chip and is therefore often referred to as the ”microfluidic chip” or just the ”chip”.
The reason it is also called the ”flow cell”, is to avoid confusion with electronic chips and
microchips when discussing the device as a whole.

3.1.1 Electrode design
The majority of the literature available on design and fabrication of microfluidic chips for
impedance flow cytometry focuses on the design of the micro-electrodes. The dimensions
and configuration of the electrodes significantly influence the sensitivity.
Fundamentally, there are two ways to design the micro-electrodes: co-planar electrodes
or frontfacing electrodes (illustrated in figure 3.4). In a co-planar electrode design all
electrodes are fabricated on the same substrate (typically on the bottom of the detection
channel). Usually the excitation voltage is applied to a centre electrode and the corresponding current is measured on two electrodes on either side of the input electrode. In
a front-facing electrode design the electrodes are fabricated on both the top and bottom
substrate. Different variations of input and output exist, but the most straight forward
configuration is to apply the excitation voltage to the electrodes on the top of the channel
and measure the corresponding current on the electrodes on the bottom. A significant
challenge when fabricating front-facing electrodes is to align the top and bottom electrodes with each other. Co-planar electrodes, on the other hand, are easier to fabricate
but suffer from larger variation in electric field across the measurement channel leading to
lower sensitivity [25]. The chips used in this project all have a front-facing design.
3.1. FLOW CELL
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Figure 3.4: Illustration of front-facing and co-planar electrode designs. In the front-facing
design, a voltage is applied to the top electrodes (A and C) and the resulting current
measured on the bottom electrodes (B and D). For the co-planar design the voltage is
applied to the center electrode (A) and measured on the adjacent electrodes (B and C).

3.1.2

Overall design

The microfluidic chips used in this project all have the same overall footprint. They are
10 mm x 15 mm x 1.4 mm, and made of two pyrex glass substrates bonded together by
a 10 µm thick polymer spacer layer. The chip has two symmetrical detection sites on
either side, each site has four detection electrodes (two on the top and two on the bottom)
separated by the spacer layer in a front facing configuration. Each site is connected to
5 electrode pads near the edges of the chip for external connection (see figure 3.5). A
large channel runs parallel to the length of the chip with an interchangeable inlet/outlet
at either end. In some designs this channel is separated from the detection channel by a
layer of polymer and in others they are in direct fluid connection with each other (more
on that below). We will refer to the larger channel as the ”bypass channel” since only a
fraction of the liquid running through this channel pass between the detection electrodes.
Practically this means, that the chip is less likely to clog, since larger particles and other
debris can passes through the bypass channel instead of being forced through the much
smaller detection channel. It also means that the pump used to inject fluid through the
chip can run at much higher flow rates than what would otherwise be possible, which
makes constructing the external fluidic connections much easier. A polymer structure in
the middle of the bypass channel (often referred to as ”the island”) distributes the flow
between the two measurement sites. The size of the island determines the relative volume
of liquid running through the detection channel and bypass channel.
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OUT1
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GND
IN
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Figure 3.5: Top view of flowcell. The flow cell measures 10 mm × 15 mm and has 2
mirrored sets of electrode connections on either side for signal input (IN), two for grounding
(GND) and two signal outputs (OUT1 and OUT2). The electrode pads connect to electrode
vias on the chip that ends up at the measuring sites on either side of the channel. The
channel has an inlet and outlet at either end. In the center of the chip, a structure (referred
to as the ”island”) splits the flow to the two measurement sites.

3.1.3 Specific designs used in this project
Two specific chip designs were used in this project; Design F and Design Q with dimensions
as seen in figure 3.6. The two designs share the same electrode pad layout, inlet and outlet
design and bypass channel design, but differ in how the detection electrodes and detection
channel are designed.
Design F (figure 3.6c and 3.6d) has a detection channel that is physically separated from
the bypass channel by a layer of SU8 extending in between the top and bottom wafers.
All four channel boundaries are closed. The detection channel is 10 µm × 10 µm, with 10
µm long electrodes separated by 15 µm edge to edge.
In design Q (figure 3.6a and 3.6b) there is no physical boundary between the bypass
channel and the detection channel, meaning that one of the four channel boundaries is
open. The electrode width extends 25 µm into the detection channel and stops 10 µm
from the edge of the bypass channel. The electrodes are separated by 29 µm edge to edge.
Figure 3.6e shows a microscope image of the cross sectional view of the bypass and detection channel of a chip that has been cut in half. The chip shown has an open boundary
between the bypass and detection channel.
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Figure 3.6: Two different chip designs were used for experiments, design Q, design F. a)
Schematic of chip design Q with dimensions indicated. For visualization purposes the top
substrate has been partially removed to increase clarity, in reality in extends the full length
of the channel. b) top view of chip design Q with dimensions. c) schematic of chip design F.
d) top view of chip design F. e) microscope image of the cross sectional view of the bypass
and detection channel.

The dimensions of the microchannel and electrodes for the two designs can be seen in
table 3.1.
The advantage of the open boundary design of design Q is that it limits the likelihood
of channel clogging, since clusters of bacteria or other debris cannot get stuck as easily
in the narrow entry of the channel. Furthermore, the wider electrodes in design Q allow
for more liquid to flow between the electrodes, improving the detection statistics. The
disadvantage of design Q is that the open boundary allows a decreasing gradient of electric
field perpendicular to the flow direction, leading to a degree of positional dependance of the
peak height on the boundary and higher variation in peak height from identical particles
across the cross section. To illustrate this point, figure 3.7 shows the relative change in
peak height (compared to the peak height in the middle of the channel, z = 5µm, and
5 µm from the inner wall, y = 5 µm) simulated using COMSOL for a 2 µm polystyrene
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Table 3.1: Chip dimensions corresponding to figure 3.6 for chip designs F (closed channel
boundary) and Q (open channel boundary)

Name
hbypass
wbypass
hchannel
wchannel
welec
lelec
delec

Description
Height of the bypass channel
Width of the bypass channel
Height of the detection channel
Width of the detection channel
Width of the electrodes
Length of the electrode
Distance between electrodes

Design F
110 µm
220 µm
10 µm
20 µm
10 µm
10 µm
16 µm

Design Q
110 µm
220 µm
10 µm
35 µm
25 µm
10 µm
29 µm

bead. It is seen that the decrease starts at an electrode width of ~22 µm in the middle
of the channel and that ≥90% of the peak height is lost when moving beyond 30 µm.
We can also see that the peak height increases drastically when close to the edges of the
electrodes, a phenomena generally seen in IFC [24].

Bead position – channel height [µm]

Differential amplitude simulated with COMSOL
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Figure 3.7: Influence of the open boundary of chip design Q. COMSOL simulation showing
the differential current between the electrode sets when a 2 µm bead is placed between one
of them and moved perpendicular to the flow. The percentage shown at each cross sectional
position is the relative difference in differential current from the position 5 microns from
the wall in the middle of the channel (Y=5µm, Z=5µm).

3.1.4 Microfluidics
The dimensions of the microfluidic chip are small which places the flow behaviour in the
realm of microfluidics. However, unlike more traditional microfluidics chips, the chips
employed in BactoBox have fairly large variations in dimensions. We split the flow of the
chip into three regions: inlet/outlet flow, bypass flow and detection flow as seen in figure
3.8:
1. Inlet/outlet: This region comprises the inlet and the outlet of the chip. This region
is the most diﬀicult region to define. The flow in this region can be diﬀicult to
predict. The dimensions are relatively large, and the flow encounters sharp edges and
bends that potentially introduce turbulent flow or vortexes. The region is connected
directly to both the bypass flow and the detection flow.
3.1. FLOW CELL

43

2. Bypass flow: This region comprises the flow in the bypass channel. It is fluidically
connected at both ends to the inlet/outlet and runs parallel to the detection flow.
The dimensions and the flow velocity are both high. The Reynolds number in this
region is in the transition region between laminar and turbulent flow.
3. Detection flow: The flow in this region carries the bacteria that will flow between
the detection electrodes. This is the most microfluidic region of the chip. The flow
is strictly laminar. The region is in contact with both the inlet/outlet region and
the bypass region.

Region 1: Inlet/outlet

Region 2: Bypass

Region 1: Detection

Figure 3.8: The flow on the microfluidic chip can be segmented into 3 regions as illustrated
here.

Laminar flow and Reynolds number
In the limit of flow velocities the non-linear term of the Navier-Stokes equation can be
neglected [59]. When this happens, the flow is can be described as ”Stokes flow” and the
value of the so-called Reynolds number (Re) is ≪1. The Reynolds number is defined as
Re ≡

U ρDh
η

(3.1)

Where U is the characteristic fluid velocity, ρ is the fluid density, η is the dynamic viscosity
of the fluid and Dh is the hydraulic diameter of the channel given as 4A
P . When Re ≪ 1,
the viscous term of the Navier-Stokes equation dominates, whereas for Re ≫ 1 the inertia
term is the most important. Laminar flow is flow in which the fluid travels smoothly or
in regular paths with little or no mixing. Laminar flow is contrasted with turbulent flow
where the flow becomes chaotic and undergoes irregular fluctuations and mixing. Whether
the flow is laminar or turbulent can be evaluated by examining the Reynolds number with
laminar, turbulent and transition regimes defined as shown in table 3.2. It is important
to note that Stokes flow implies laminar flow but not the other way around, meaning
that inertia can play a role in laminar flow, for example during sudden changes in flow
direction.
Table 3.2: Flow regimes based on Reynolds number [60]

Regime
Laminar
Transition
Turbulent
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Reynolds Number Range
Re < ~2000
~2000 < Re < ~4000
Re > ~4000
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In a fluid containing a suspension of particles, the particles may be subjected to drag and
lift forces, that scale with the fluid properties and dynamics. A particle Reynolds number
(Rp ) exists based on the regular Reynolds number, that defines the relation between
inertial and viscous interactions on particle behaviour [61]

Rep = Re

U ρa2
a2
=
ηDh
Dh2

(3.2)

where a is the particle diameter. When Rep ≪ 1 the viscous forces dominate. If Rep is of
the order of 1, the particles may experience inertial focusing. Inertial focusing means that
a combination of lift and wall forces, focus the particles in the flow specific positions in the
channel cross section [62]. For example, particles flowing in a circular channel will focus
into a ring called the Segre-Silberberg annulus, while particles in a square channel will
focus into four equilibrium positions near the walls of the channel. In both chip designs
used in BactoBox, this can be problematic, especially if it occurs in the bypass channel
and limits (or prevents) the entry of particles into the detection channel.
Table 3.3 shows the Reynolds numbers calculated for the detection region and bypass
region for design Q and design F. The flow rates for the 2 regions are calculated using
the relationship between hydraulic resistances discussed in the following section (see table
3.4), with a total flow rate of 1 ml/min through the entire flow cell.
Table 3.3: Calculated Reynolds numbers (eq. 3.1 and 3.2) for the detection channel and
bypass channel with a=1e-6 m, ρ=1000 kg/m3 and η=1e-3 Ps. Channel dimensions from
table 3.1 and a total flow rate of 1 ml/min separated into the bypass and detection channel
using the ratios from table 3.4

Design Q

Re
Rep

Detection
0.260
0.004

Bypass
120.26
0.04

Inlet/oulet
N/A
N/A

Design F

Re
Rep

0.086
0.034

120.30
0.04

N/A
N/A

We can see that the Reynolds number in the detection channel is <1 for both designs
and we expect laminar flow in this region. In the bypass channel the Reynolds number
is significantly higher, but still well below the transition region to turbulent flow. We
therefore also expect the flow in the bypass channel to be laminar. We can also see that
inertial focusing is not expected in either of the two regions, since the particle Reynolds
number is <1.
Hydraulic resistance
The ”island” in the center of the chip distributes the flow between the two detection sites.
The relation between the hydraulic resistance of the detection channel and the bypass
channel determines how much of the volume passes between the detection electrodes. The
relationship between the pressure drop (∆p) and the flow rate (Q) in a straight microfluidic
channel is described by the Hagen-Poiseuille law
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∆p = Rhyd × Q

(3.3)

where Rhyd is the hydraulic resistance. Note the equivalence of pressure, flow rate and
hydraulic resistance in the Hagen-Poiseuille law to voltage, current and resistance in Ohms
law. The Hagen-Poiseuille is accurate when the flow is laminar flow and the channel is
straight and can therefore be used to estimate the flow-rates in the bypass and detection
channels.
Calculating the hydraulic resistance for the channels on the chips with design F (closed
detection channel boundary) is fairly straight forward. The hydraulic resistance for the
square detection channel (10 µm x 10 µm) [59] is calculated using
Rhyd,sq = 28.4ηL

1
h4

(3.4)

where η is the dynamic viscosity, L is the channel length, h is the height and w is the width
of the channel. The hydraulic resistance of the half circular bypass channel is calculated
using the more general expression

Rhyd,bypass = 2ηL

P2
A3

(3.5)

Where P is the circumference of the perimeter of the channel cross-section and A is the
area of the channel cross-section found as
Pbypass = 2w + πh − 2h

(3.6)

1
Abypass = (w − 2h)2 + πh2
2

(3.7)

For design Q, the definitions become a little less clear. The fact that there is no physical
boundary between the detection and bypass channel complicates the evaluation, e.g. when
does the bypass channel start and the detection channel end? Here we choose to act as if
an ultra thin boundary exist on the edge of the electrodes and approximate the hydraulic
resistance as that of a rectangular channel given by
Rhyd,sq =

12ηL
1
3
1 − 0.63(h/w) h w

(3.8)

Table 3.4 summarizes the relationship between the hydraulic resistances of the bypass and
detection channels of the two flow cell designs. It is seen that at a flow rate of 5 ml/min
the expected flow rate in the detection channel is around 0.25 µl/min and 1.1 µl/min for
design F and Q respectively.
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Table 3.4: Hydraulic resistances of the bypass and detection channel of design F, calculated
using Eq. 3.5 and 3.4, and for design Q, calculated using Eq. 3.5 and 3.8. The flow rate in
the detection channel is calculated with the assumption of total flow rate through the flow
cell of 5 ml/min.

Flow cell
Design F
Design Q

Bypass
resistance
1.47 × 1011
1.47 × 1011

Detection
resistance
2.84 × 1015
6.42 × 1014

Fraction in
detection channel
1
~ 20000
1
~ 4500

Flow rate in
detection channel
~0.25 µl/min
~1.1 µl/min

3.1.5 Fabrication and materials
The microfluidic chips are fabricated by Micronit Microtechnologies in their cleanroom
facilities in Dortmund, Germany. They are fabricated based on a design and specification
from SBT Instruments, but we are not directly involved in the fabrication. This section
gives a brief overview of how the chips are fabricated and what materials are used, but
will not go into process specific details.
a)

d)

b)

c)

Figure 3.9: Exploded view of the flow cell substrates: a) top substrate, pyrex wafer with
sand blasted through holes, fluidic channels etched with hydrofluoric acid and electrodes
on the bottom side, b) spacer layer, 10 µm epoxy-based photosensitive polymer spin coated
onto the bottom substrate and patterned using UV-lithography, c) bottom substrate, Pyrex
wafer with electrodes.

The fabrication process can be split into three steps:
1. Fabrication of bottom substrate
The bottom substrate is a piece of pyrex glass (0.7 mm thick) with patterned electrodes on
top as seen in figure 3.9c. The electrodes are patterned using a standard photolithography
process with deposition of metal using e-beam evaporation and subsequent lift-off. The
electrodes are made of 160 nm platinum with a 10 nm adhesion layer made of tantalum,
chromium or titanium. Before metal deposition a recess of 170 nm is etched into the glass
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so that the surface is planar and the electrodes do not protrude.
2. Fabrication of top substrate
The top substrate (figure 3.9a) is also a made of pyrex glass with a thickness of 0.7 mm.
A 100 µm deep channel is etched into the substrate using an anisotropic hydrofluoric acid
etch. Similar to on the bottom substrate, 10 nm Pt-electrodes are patterned on the pyrex
with a 10 nm tantalum for adhesion. Because of the uneven topology created by the
hydrofluoric acid etch, the photoresist used for the patterning is spray coated unto the
substrate for better edge coverage. After electrode deposition and lift off, the back-side
of the wafer is covered and holes for fluidic and electrode connections are sandblasted
through the pyrex.
3. Bonding of top and bottom substrate
The top and bottom substrate are thermally bonded together with a 10 µm spacer layer
(figure 3.9b) made of a photosensitive epoxy based polymer. The polymer is spin-coated
onto the bottom substrate and openings for the channels are made using photolithography.
A critical step in the flow cell fabrication is proper alignment of the electrodes on the top
and bottom substrate. Misalignment of the electrodes affect the cross sectional area of the
channel where it is possible to detect particle transition and it can result in asymmetric
transitions. But most of all it may cause an imbalance in the differential current, leading
to clipping of the signal on the ADC. This will also be discussed later (section 3.3.1), but in
short, the dynamic range of the ADC is -1.6 µA to 1.6 µA. Figure 3.10 shows the resulting
changes in differential current due to misalignment and we can see that a misalignment
of the top and bottom substrate along the channel of just 2 µm, will cause a differential
current of close to 2 µA which is higher than the dynamic range of the ADC.
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Figure 3.10: (Top) Sketch of the misalignment of the top and bottom substrates. (Bottom)
COMSOL simulation showing the effects of misalignment of the top and bottom substrate
during bonding. Simulated current amplitude at 366 kHz with misalignment along the
channel and across the channel for the first (E1) and second (E2) electrode set and the
differential current between the two (E1-E2).

3.1.6 Influence of DEP forces on the detected signal
As mentioned previously, a dielectric particle in a non-uniform electrical field experiences a
dielectrophoretic (DEP) force that either repels or attracts the particle in the direction of
increasing electric field. The magnitude and direction of the force depends on the medium
and particles’ electrical properties.
This is also true for particles and bacteria transitioning between the detection electrodes,
meaning that the bacteria position and velocity may change during a transition and subsequently affect the detected double gaussian event. The bacteria also experience a strong
drag force in the direction of the flow, which under normal flow conditions satisfies the
conditions for Stokes drag, and therefore can be described for a sphere by
Fd,sphere = 6πηRU

(3.9)

and for a prolate ellipsoid moving lengthways with the flow by
Fd,elipsoid =

8πηR1 U
(
)
1
2 ln 2R
−1
R2

(3.10)

where η is the dynamic viscosity and U is the flow velocity relative to the bacteria. The
drag force is considerably bigger than the DEP force along the channel, but because of the
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Bacteria (one shelled sphere)

Bead (sphere)

Figure 3.11: Calculated real and imaginary parts of the CM-factor for a one-shelled sphere
and homogeneous sphere as a function of frequency.

parabolic flow profile caused by the no slip boundary effect, even small shifts in position
across the channel can change the velocity of the bacteria. This is particularly true for flow
cells with open boundary detection channels (i.e. design Q), where DEP forces may not
only change the vertical position of the bacteria, but also push it from side to side during
transitions near the open boundary. Figure 3.11 shows the real and imaginary part of the
Clausius-Mossotti factor calculated for a homogeneous sphere (representing a polystyrene
bead) and a one shelled sphere (representing a bacterial cell).
The vertical lines in the plot indicate the experimental frequencies of BactoBox (366
kHz and 6.9 MHz) and we see that the DEP force will be negative at both frequencies
for the bead and negative at the low frequency but positive at the high frequency for
the bacteria. In a case such as this with multifrequency DEP it has been shown that
an effective frequency dependent Clausius-Mossotti factor (CMef f ) can be defined that
determines the resulting DEP force on the bacteria [63]. Besides the frequency this factor
also depends on the relative amplitudes of the AC signals. For the case of dual frequencies
(f1 and f2 ) and a single pair of electrodes the effective Clausius-Mossotti factor can be
calculated as

CMef f =

CMf 1 × |Ef 1 |2 + CMf 2 × |Ef 2 |2
|Ef 1 |2 + |Ef 2 |2

(3.11)

If we also assume that the fields have equal amplitude, it further reduces to
CMef f =

CMf 1 + CMf 2
2

(3.12)

A particle tracing simulation is set up in COMSOL (COMSOL Multiphysics) in order
to investigate the influence DEP forces will have on particle transitions through the flow
cell. The particles are released from one end of a rectangular channel with two sets of
electrodes on the top and bottom of the channel resembling the electrodes from flow cell
design Q. The particles are released from one end in a grid as shown in figure 3.12 and
are affected by a drag force (built in COMSOL force defined using Stokes law) and a
multifrequency DEP force defined using Eq. 2.16 and Eq. 3.12. The drag force arises
from a velocity field through the channel with no-slip boundaries on the top, bottom and
inner wall (on the electrode side). The wall opposite the electrodes has a slip boundary to
mimic the open boundary of the detection channel in flow cell design Q. Two DEP forces
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are defined, one for a homogeneous sphere with the electrical properties of polystyrene
beads and one calculated for a sphere with one shell and the electrical properties of a
cell membrane and cytoplasm meant to mimic a bacteria. Figure 3.12 shows the particle
position in the beginning of the simulation and the position at the end of the simulation
for both beads and bacteria. The effect of the DEP forces is larger on the beads since
they experience negative DEP at both the low and high frequency. The bacteria still
experience net negative DEP (negative DEP at the low frequency but positive DEP at the
high frequency), but to a smaller degree than the beads. The path of beads and particles
in the center of the channel is unchanged, while especially particles transitioning on the
edge of the electrodes experience large displacements.
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Figure 3.12: COMSOL simulation showing the effect of DEP forces on particle positions.
Particles are released from a 8×16 grid. The color gradient indicate the strength of the
electric field normal to a cross-sectional plane perpendicular to the flow direction on the
edge of the electrode. Six particle positions are marked with colours (red, blue, purple,
yellow, green, teal). The transition profiles of these events are shown in figure 3.14.

In order to investigate the influence of the displacement caused by DEP, an electrical
simulation was set up in COMSOL where a sphere with the dielectric properties of a
polystyrene bead was sequentially moved along the particle path predicted by the particle
tracing simulation both with the DEP active and with it deactivated in the simulation. A
potential of 16 Vpp with a frequency of 366 kHz was applied to the electrodes on the top
of the channel and the differential current between the two electrodes on the bottom of
the channel was evaluated for each particle position. It is expected that the displacement
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of the particles will cause changes to the peak height during a transition as the particle is
pushed away from the path with high electric field, but also in the time it takes a particle
to transition from one electrode set to the next (the transition time) for example when
particles are pushed into the higher velocity flow in the center of the channel. In figure
3.13, the simulated responses for particles with 6 different cross sectional starting positions
are shown.
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Figure 3.13: COMSOL simulation of transition of particles with different cross sectional
positions. 6 transitions indicated by colors (blue, orange, yellow, purple, green, turquoise)
with start positions also indicated by color. The thick line is the real part of the signal and
the thin line is imaginary part. Note that none of the event have an observable response in
the imaginary part of the signal.

Figure 3.14 shows the real part of the differential current for 3 of the particle transitions,
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with and without active DEP forces. It is seen that particle in the center of the channel and
away from the electrode edge (blue start position) does not experience any displacement
and no change in either peak height or transition time. However, for particles not in the
center of the channel (such as the particle in the red starting position) we see a minor
change in peak height of 3% but a significant change of 20% in transition time, as the
DEP force pushes the particle down and into the high velocity flow in the center of the
channel. The biggest change is seen for particles on the edge of the electrodes (such as the
one in the yellow starting position) where a change in peak height of 29% is seen along
with a change in transition time of 40%.
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Figure 3.14: Comparison between particle transitions of 3 particles (blue, red and yellow)
simulated with and without an applied DEP force. The table shows the difference in peak
height and transition time with and without the DEP force applied to the particle.

In this section we have looked at the effects that DEP forces can have on the particle
transitions in during measurements with BactoBox. We have seen that the DEP forces
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Figure 3.15: Flow diagram of the flow cytometer functionality

on bacteria are smaller than for e.g. polystyrene beads, since the bacteria experience a
combination of positive and negative DEP forces at the two frequencies used that cancel
each other out. Even so, the DEP forces will affect the cross sectional position of a transitioning particle or bacterium, especially if it is on the edge of the electrode. Simulations
on polystyrene beads showed that, in a worst case scenario, the differences in peak height
and transition time, whit and without DEP force applied, was 29% and 40% respectively.

3.2

Sample and fluidics

The fluidics system brings the liquid from the sample vial through the microfluidic chip
for analysis. The fluidics system consists of five parts: the microfluidic chip (as discussed
in detail above in section 3.1), the sample vial, the tubing, the pre-filter and the pump.
The flow cell is the interface between the electronics and the sample as seen in figure 3.1.
Sample vial
The sample vial is a clear, tubular, 6 ml plastic vial with a rounded bottom. Two pieces of
tubing of unequal length are attached through the lid of the vial as shown in figure 3.15.
One piece is long enough to reach the bottom of the vial, while the other sits about 1 cm
into the vial.
To transfer the liquid into the tubing the pump creates a vacuum in the long piece of
tubing which then sucks the liquid into the device, through the chip, and back out the
short piece of tubing into the sample vial. To empty the fluidic system the pump changes
the flow direction and air is sucked in through the short piece of tubing causing the liquid
sample to be pumped back into the sample vial.
Pre-filter
As the sample leaves the sample vials it passes through a pre-filter that removes major
debris and particles (clothes fibers, smalls hairs, etc.) from the sample flow. The pre-filter
is a single layer mesh with a pore size of 38 µm. The pore size is smaller than the critical
dimension on the chip (~100 µm) and helps prevent clogging of the chip and other narrower
parts of the flow path. When the measurement is done and the flow direction is reversed,
debris and particles caught in the pre-filter is flushed back into the sample vial. Complete
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or partial clogging of the pre-filter can occur with very dirty samples. In this case, the
measurement results are invalid and the pre-filter needs to be cleaned or replaced.
Pump
The pump in BactoBox is a peristaltic pump. In a peristaltic pump a rotating set of rollers
compress a flexible tubing, pushing the liquid in the tubing forward. A peristaltic pump
has two main advantages as a pump in Bactobox. First of all the sample never leaves the
tubing. This means that the chance of contamination is low and that sample wont come
into contact with delicate valves that clog easily. Secondly, it is very easy to reverse the
flow direction and as discussed above, this is essential for emptying the fluidic system of
liquid. The disadvantages of the peristaltic pump is that it is physically large and that the
rollers pushing liquid through the tubing creates a pulsating flow. This pulsation can be
seen in the detection signal and creates an uneven base line for the detection of events. It
can be mitigated by having softer tubing in the system absorbing the pulses or by filtering
out the pulsation in the detection signal (see section 3.3.3).

3.3 Electronics
The electronics of the impedance flow cytometer, while not exactly considered ”core technology”, affect the functionality and measurement capability of BactoBox significantly.
Without a basic understanding of the function of the electronics, it is easy to accidentally
misinterpret the data output from the flow cytometer. Most of all, it is important to understand what changes in impedance are related to the sample of interest and which are
artifacts (intentional or otherwise) from the electronics design. In this section we will first
discuss the generation (in the digital domain) and amplification (in the analog domain)
of the measured signal. Then we will discuss the function of the digital lock-in amplifier
and the subsequent signal processing. This will not be a detailed technical walk-through
of the implementation of the electronics (neither analog or digital) since that is outside
the scope of this thesis, but more of a presentation and discussion of the function of the
electronics parts.

3.3.1 Signal generation and analog amplification
The generalised signal path is shown in figure 3.16. A sine wave with two frequencies is
generated and converted to an analog signal in the digital-analog-converter (DAC). Both
the chosen frequencies and the amplitude of each frequency can be chosen in software.
BactoBox currently has a limit of maximum 2 simultaneous frequencies. The amplitudes
are chosen as a fraction of the total output with scaling values for each frequency (i.e. scale
0.5 is 50% amplitude of the max DAC output). The combined scale of the two frequencies
cannot surpass 1.0.
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Figure 3.16: Flow diagram of the electronics functionality. The sine wave signal is generated and converted to an analog signal. The signal is amplified in two steps (A1 and A2)
before entering the flow cell. The outputs from the two detection electrodes is amplified in
two TIAs (A3a and A3b) and subsequently subtracted before being converted back into a
digital signal. A duplicate signal path exists for both detection sites on the flow cell.

Before entering the flow cell, the signal is amplified through a series of 2 operational
amplifiers (op amps). An op amp is basically a voltage amplifying device designed so that
external components such as resistors and capacitors can be used to control the level of
amplification. Here the signal goes through 2 amplification steps (A1 and A2 in figure 3.16)
before it reaches the flow cell. Ideally, the total amplification after the two steps is 7.77x
for a total peak-to-peak voltage of ~15.5 Vpp. However, while ideal op amps have infinite
bandwidth (ie. uniform amplification at all frequencies) this is not the case in practice. To
understand how this affects the signal in BactoBox, the voltage was measured at multiple
frequencies (from 30 kHz to 25 MHz), one frequency at a time with the amplitude scaling
of the output set to 1. The measured voltage as a function of frequency is shown in figure
3.17, and it is seen that the signal is attenuated when the frequency surpasses ~3 MHz. For
experiments with BactoBox, frequencies of 366 kHz and 6.9 MHz are almost exclusively
used and the peak-to-peak voltage is ~30% lower at 6.9 MHz compared to 366 kHz. If
equal amplitudes of the 2 frequencies is desired, the scaling factors can be set so that the
initial amplitude at 6.9 MHz is higher than for 366 kHz to compensate.
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Figure 3.17: Measured potential applied to the flow cell after pre-amplification (after A2)

After exiting the chip, the signals from each of the two detection electrodes (OUT1 and
OUT2 in figure 3.16) are again amplified, this time through a pair of transimpedance
amplifiers with 20.000x amplification each. A transimpedance amplifier (or TIA) is a
current to voltage converter and the amplification is high in order to amplify the small
changes in current caused by the transitions of particle or bacteria in the flow cell.
After the TIA conversion, the signals from the two electrode sets are subtracted from each
other and the differential signal is again amplified before it is converted back into a digital
signal for further processing. The total signal amplification after the chip is 620.000x which
means that the dynamic range of the DAC of ±1V corresponds to a current difference
between the electrode sets from the flow cell of ±1.6 µA. This is more than enough to
handle the amplitude of a transitional event. The amplitude of a bacterial transition is
usually on the order of 10 nA per frequency, which means that after amplification it will
be ~6 mV.
However, if the differential current between the electrode sets exceeds the limit of the
dynamic range it will lead to clipping of the signal, which in turn will ruin the proper and
accurate detection of particles and bacteria. This becomes especially relevant if the top
and bottom electrode are not aligned properly, as discussed in section 3.1.5.

3.3.2 Lock-in amplifier in FPGA
The lock-in amplifier [64] is extremely useful for detection of small signals in noisy environments at a defined frequency band. Lock-in amplifiers are very versatile and have
been used as AC voltage and AC phase meters, noise measurement units, impedance
spectroscopes, network analysers and spectrum analysers.
Invented in the 1930’s and subsequently commercialised in the mid 20th century, traditional lock-in amplifiers used analog frequency mixers and RC filters for the demodulation.
However, modern instruments (including BactoBox) implement the functionality using fast
digital signal processing e.g. on an FPGA.
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Figure 3.18: Block diagram of lock-in amplifier

The basic principle of the lock-in amplifier is sketched in figure 3.18. An input signal (Vin )
is a mix of a signal of interest (Vs ) with an amplitude (As ) and a frequency (ωs )
Vin (t) = Vs (t) + Vn (t)

(3.13)

Vs (t) = As cos(ωs t)

(3.14)

A reference signal (Vr ) is multiplied with the input signal in a frequency mixer giving a
new mixed signal (Vmix )
Vr (t) = Ar cos(ωr t)

(3.15)

Vmix (t) = As Ar cos(ωs t)cos(ωr t)

(3.16)

Using a well known trigonometric identity
cos(ωs t)cos(ωr t) =

1
[cos ((ωs − ωr )t) + cos ((ωs + ωr )t)]
2

(3.17)

and tuning the reference signal so that ωr is equal to the frequency of the signal of interest
(ωs ), the mixed signal can be rewritten as
1
Vmix (t) = As Ar [1 + cos(2ωr t)]
2

(3.18)

By removing the 2ωr part of the mixed signal using a low-pass filter we end up with a
frequency indepedent expression that is directly related to the amplitude of the signal of
interest

58

CHAPTER 3. THE IMPEDANCE FLOW CYTOMETER

1
Vmix (t) = As Ar
2

(3.19)

The same expression can be derived using complex numbers, even if the reference signal
and signal of interest are not in-phase
]
1 [
Vs (t) = As cos(ωs t + ϕ) = As eiωs t+ϕ + e−iωs t+ϕ
2

(3.20)

With the complex reference signal
Vr (t) = Ar [cos(ωr t) − isin(ωr t)] = Ar e−iωr t

(3.21)

Mixing the reference and signal of interest
[
]
1
Vmix = Vs (t)Vr (t) = As Ar ei((ωs −ωr )t+ϕ) + e−i((ωs +ωr )t+ϕ)
2

(3.22)

]
[
1
Vmix = Vs (t)Vr (t) = As Ar eiϕ + e−i(2ωs t+ϕ)
2

(3.23)

And filtering out the frequency dependent part
1
Vmix = Vs (t)Vr (t) = As Ar eiϕ
2

(3.24)

From here it is trivial to find the real and imaginary parts of the signal. In practice the
low-filtering in BactoBox consists of a moving average filter (MA), followed by a third
order Cascaded-Integrator-Comb-filter (CIC). As the signal exits the lock-in-amplifier it
has been down sampled to 366 kHz. The exact implementation and further detailing of
the function of these filters is outside the scope of this thesis.

3.3.3 Signal filtering
Before the signal is delivered for processing in software it undergoes an additional series
of filtration steps. First, a series of 4 half-band filters down samples the signal in order to
lower the sample rate to make it more manageable for the CPU and to increase the effective
bit range of the signal. Secondly (and since it is user configurable, more interestingly) a
final FIR-filter is present for removing the remaining signal noise. In BactoBox, this
filter has 141 coeﬀicients and is currently designed using an implementation of a Wiener
Filter [65]. Wiener filters are based on a statistical approach, while typical filters are
designed based on a frequency response approach. For BactoBox this means that the filter
design is based on empirically obtained distributions of variables related to the transitions,
such as transition time, time between events, peak height and event width. It is a bandpass
filter designed to remove high frequency ambient noise, as well as remove the low frequency
pulsation introduced by the rollers on the peristaltic pump.
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Figure 3.19: Data stream before and after the FIR-filter is applied

Again, it falls outside the scope of this thesis to discuss the design of this filter in detail,
but I will stress that its presence is crucial for cleaning up the signal before event detection.
Figure 3.19 shows a single data stream of recorded data with and without the final FIR
filter applied. It is seen how the filter effectively removes noise and stabilizes the data
stream for further analysis.

3.3.4

Frequency dependence compared to ZI impedance spectroscope

When measuring the impedance response of bacteria samples with the BactoBox we want
as little influence on the recorded signal as possible from sources that are not the bacteria
themselves. For BactoBox, the measuring characteristics of the electronics, particularly
the analog electronics, significantly affect the measured signal. In figure 3.20 the current
measured during a frequency sweep of a flow cell with air and various dilutions of PBS
performed using both BactoBox and using an impedance spectroscope (HF2IS) from Swiss
company Zurich Instruments is shown. The BactoBox used for the sweeps was modified
so that only the output signal from one electrode was measured. To keep the signal
amplitude within the dynamic range of the ADC, the amplitude was lowered to 2% of
the usual amplitude. The measurements from the Zurich spectroscope appear smoother
because they are recorded after demodulation of the signal, while the BactoBox sweeps
are read out directly from the input signal on the ADC. The measurements are performed
on flow cells with design Q (see section 3.1).

Figure 3.20: Frequency sweep with BB and ZI scope with air, 0xPBS, 1/40xPBS,
1/20xPBS and 3/40xPBS injected through the chip. Striped vertical lines indicate the
two main measurement frequencies used for experiments with BactoBox (366 kHz and 6.9
MHz).
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As discussed in section 2.3.2 we expect the current to increase (ie. the impedance to drop)
as the frequency is increased and the electrical double layer on the electrode surface is
bypassed. We then expect a flat region where the conductivity of the medium dominates
the current. Finally we expect the current to increase further as the impedance drops
when the parasitic and medium capacitance influence the signal. This is essentially what
we observe when measuring the frequency dependent current using ZI impedance spectroscope. We see an increase in current (in figure 3.20 shown as the voltage measured after
the conversion in the TIAs) in the low frequency range, a flat region where samples with
higher concentrations of PBS conducts more current, and another increase in current in
the higher frequencies. For BactoBox, we also observe an increase in current in the low
frequency followed by a flat region. However, we begin to see a drop in current amplitude
at higher frequencies. In fact, we see that the signal is notably attenuated at the frequency
used as the high frequency for experiments (6.9 MHz). This means that bacteria and other
events detected in the high frequency will appear smaller than they actually are.

3.4 Software and signal analysis
In essence the analysis of the raw signal from the impedance flow cytometer is meant
to do two things: to count and characterise events. In the BactoBox this is done with
a set of algorithms designed and implemented at SBT Instruments. While optimization
and tuning of these algorithms have not been a primary purpose of the PhD-project, it
is still important to understand on a general level how the signal is analysed. In this
section I will go through the data treatment from ”raw” input data (ie. data stream
output from the lock-in amplifier) to refined output data (such as concentrations or event
information). Details of the implementation of the algorithm in terms of programming
will not be described here. Instead a high level explanation of the analysis path will be
given.

3.4.1 Event detection
The signal delivered to the algorithm (as seen in figure 3.19) is often referred to as the
”raw” data stream (or signal), since it is what is recorded and saved when performing the
impedance measurements. In reality we now know that this data has already undergone
significant processing. Since we are only interested in the part of the signal during a
transition of a particle or bacteria, the raw signal is analysed using a set of algorithms
developed at SBT Instruments. Here I will provide an overall description of the algorithm
functionality. For customers of BactoBox the algorithm is running live during a measurement, but for experiments performed in this PhD project the entire raw signal is saved and
analyzed after the measurements are done. This means that the raw signal can be reanalyzed if needed at a later stage. This subsequent analysis is done using a combination of
a custom program running the detection algorithm and various MATLAB scripts used for
processing of the data. In order for the algorithm to also work on live data, the raw signal
is cut into chunks of data (500 ms in length) before processing. Each chunk of data is then
analysed individually and at the end of the analysis a check for duplicate events at the
beginning or end of the chunk is performed. Peaks in the signal are identified using a peak
detection algorithm developed by Eli Billauer [66]. The peak detection algorithm requires
an initial estimate of the noise in the signal and here the interquartile mean of the entire
chunk of data is used. This way of estimating noise (even though the interquartile mean is
fairly robust) does depend on the height and number of events in the chunk, meaning that
3.4. SOFTWARE AND SIGNAL ANALYSIS
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at high concentrations of particles the algorithm has a tendency to overestimate the noise.
In turn this may cause the algorithm to miss smaller events in the data stream. However,
overall this has not been found to be a major problem. Some of the peaks found in the
raw signal, may not be from actual event transitions, but rather noise (either random or
from an external source) in the signal. To mitigate this we take advantage of the fact
that we have more than one data stream. By comparing the peaks found in all four data
streams (low and high frequency, real and imaginary parts) we can sort out peaks that
are only present in one data stream. In BactoBox, the specific requirement is the the peak
must be detected in at least two data streams. Furthermore, the peaks are also paired so
that a peak is only accepted as a true peak if it has a neighboring peak with the opposite
direction within a given time range in either direction of the data stream. If a peak has
been correctly paired and identified in two or more data streams the location of the peak
can be superimposed on the remaining peak less data streams (as illustrated in figure
3.21) and we call the collective information across all four data streams an ’event’. The
orientation (or sign) of the peaks of an event (ie. up-down or down-up) is very important
since it holds vital information about dielectric properties of the transitioning particle or
bacteria. The orientation depends on the order of the subtraction of the signals from
the two detection electrode sets in the analog electronics and on the direction of the flow
through the chip. Here we have chosen to define the orientation via the sign of the first
peak of the transition.
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Figure 3.21: Illustration of the choosing and paring of peaks in the data stream. Single
event: the peak in the data are detected in all four data streams. If a peak occurs (shown
with red circles) in two or more data streams in the same location and have a pairing partner
with opposite orientation within a given time, it is considered a true peak and the pair is
classified as an event. In this way false peaks that are not part of a transitions event (yellow
circle) is rejected. Events are superimposed on data streams where no peaks where found.
Multiple events: If multiple peaks are found in more than two data streams the algorithm
employs a winner take all strategy based on parameters such as peak height, symmetry and
offset of the peaks. The algorithm only choose an event (here shown with red circles) if it
is clearly better than the other (here shown with yellow circles).
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If more than two peaks occur close together (either due to noise, but more likely due to
multiple transitions between the detection electrodes occurring in close succession) the
algorithm can have a hard time deciding which peaks to pair. In the multi-event example
given in figure 3.21, there are four potential peaks in the data stream made up of two
events close together. It is crucial that the algorithm does not choose to pair the second
and third peaks, since this would end up appearing as a single transition with the opposite
orientation of the original two. To avoid this, a ”clear winner” strategy is chosen, where
the algorithm evaluates the possible pairing combinations based on a number of different
parameter (peak height, symmetry, offset, etc.) and chooses the best event. In example in
figure 3.21 the event comprised of the pairing of the first two peaks would be chosen since
it has a higher peak height than the other possible combinations. This also means that
the second event will be discarded. If no clear winner can be chosen all of the peaks are
discarded. This will lead to an underestimation of events, especially if the concentration of
bacteria is high. This is a choice made for BactoBox, since it is better to underestimate the
concentration than mischaracterize an event. Based on numerical evaluations performed
at SBT Instruments using generated test data where the concentration is known, the
detection algorithm starts to under estimate the number of events when the concentration
goes above ~3.000.000/ml.
Gaps in the argument due to noise
Because the signal is noisy the detected peak height will never actually be zero (see for
example the LFIM signal in figure 3.21). This can lead to artifacts in the presentation of
measurement data, especially when looking at the argument of the data.
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Figure 3.22: Illustration of the ”gap” in argument due to noise. Due to noise in the signal
the argument can only attain certain values (here shown in green). This is because the real
and imaginary parts (x and y) can never be zero due to noise.

An illustration of why this is the case is shown in figure 3.22. In order for the argument
to reach values of 0, π/2, −π/2 and π, either the real or imaginary part must be 0. This
is not possible due to the noise in the signal, and the argument is therefore excluded
from attaining certain values. This is especially true when the peak-to-noise ratio is low
and means that when plotting the measured impedance data in a scatterplot showing the
argument (which we will do a lot), a population of events crossing over 0, π/2, −π/2 or π
may artificially appear as two separate populations. As such, there is nothing to do about
this with the current software implementation, but future versions could include a grading
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of the peak values when they approach the noise level to balance this out.

3.4.2

Concentration calculations

A key function of the BactoBox is that it is able to determine the concentration of particles
or cells in a sample. In principle this appears straight forward and can be calculated using
C=

N
V

(3.25)

where C is the concentration, N is the number of events counted and V is the volume
of liquid passed between the detection electrodes during the measurement. The number
of counted events is given directly from the event detection. Due to the design of the
microfluidic chip and the fact that the exact flow rate from the peristaltic pump is unknown, we cannot directly calculate the volume that has passed between the electrodes.
Instead, the average transition time of the events that have passed between the detection
electrodes is used to estimate the volume of liquid
V =

A × devent × T
k⟨tevent ⟩

(3.26)

Where A is the cross section of the detection area perpendicular to the direction of the
flow (width of the electrode multiplied by the height of the channel), devent is the distance between the peaks of the event, T is the total measurement time, ⟨tevent ⟩ is the
inter-quartile average of the transition times of the events, and k is a parameter that
compensates ⟨tevent ⟩ due to the parabolic flow in the channel.
The average transition time (⟨tevent ⟩) can be estimated in a number of different ways
(arithmetic mean, median, etc.) depending on the distribution of times. In BactoBox, the
inter-quartile mean works well for sorting away outliers and is therefore used.
Compensation for parabolic flow
Since the flow profile in the microfluidic channel is parabolic (due to no slip boundaries)
using the inter-quartile average transition time directly for flow rate estimation leads to an
over estimation of the actual flow rate. Consider the example shown in figure 3.23. Here
a very simple 2D stepwise velocity profile is shown (obviously the real flow does not look
like this but it helps to prove the point). To make the example even simpler we assume
that the concentration of particles are so that we see exactly 1 particle per second when
the flow velocity is 1 m/s (and 2 particles per second when the flow velocity is 2 m/s and
so on).
The average flow velocity in this example is 1.29 m/s but the average velocity of the
particles is 2.11 m/s.
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Figure 3.23: Simple example of 2D step wise flow profile with no. of particles (n) per time
for each flow rate.

To compensate for this difference we introduce the parameter k
⟨Uf low ⟩ =

devent
1
⟨Uevent ⟩ =
k
k⟨tevent ⟩
k=

⟨Uevent ⟩
⟨Uf low ⟩

(3.27)
(3.28)

The example from figure 3.23 can be expanded to the full parabolic flow profile for different
channel designs (see figure 3.24) and k can be numerically evaluated. Table 3.5 shows the
k-values for chip design F and chip design Q evaluated using MATLAB for compensating
using either mean, median or interquartile mean.
Table 3.5: k values for chip design F and chip design Q numerically evaluated in MATLAB
using the distributions seen in figure 3.24. The k-values are calculated as the average value
of 50.000 events with x and y positions weighted by the distribution and the simple mean
of the distribution itself

Flow cell design
Design F - closed boundary, 10x10
Design Q - open boundary, 10x25

k, mean
1.440
1.249

3.4. SOFTWARE AND SIGNAL ANALYSIS

k, median
1.526
1.373

k, interquartile mean
1.508
1.348
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Design Q

Design F

Figure 3.24: Distributions used for flow cell design F and Q to numerically evaluate
the flow compensation parameter, k, using MATLAB. Since the particles follow the the
distribution is used both for the velocity profile and particle distribution.

3.5

Chapter summary

In this section, the important parts of the impedance flow cytometer developed by SBT
Instruments called BactoBox was introduced. First we focused on the flow cell (or microfluidic chip) at the heart of BactoBox. The flow cell is a microfluidic chip made of two
pyrex substrates (top and bottom) held together by a 10 µm thick spacer layer made of
epoxy polymer. The two flow cell designs used during the PhD project were presented.
The two designs share most of their features, a large bypass channel etched into the top
substrate with a symmetrical inlet and outlet at either end and 5 electrode connections
on either side of the chip. The two designs differ in the design of the detection channel.
The first flow cell design (design F) has a 10x10 µm detection channel with closed boundaries on every side, while the second flow cell design (design Q) has an open boundary on
one side in direct fluid connection to the bypass channel. This reduces the likelihood of
clogging, but also introduces uniformity challenges in the electric field on the edge of the
electrode in the cross sectional dimension of the channel.
We briefly discussed the fluidic system employed in BactoBox. A peristaltic pump placed
on the back side of the flow cell sucks sample liquid from a sample vial through a pre-filter
(38 µm) and through the flow cell.
The electronics used in BactoBox was presented, starting with a discussion of the analog amplification of the detection signal with special focus on the bandwidth of preamplification circuits. It was seen that the pre-amplification circuit causes attenuation
of the voltage applied to the detection electrodes at frequencies >3 MHz. We also saw
that this effect could be observed directly on the signal after post-amplification (ie. after the output from the flow cell has been amplified further) and that the attenuation is
specifically related to the circuits used in BactoBox when compared to measurements with
an alternative system made by Zurich Instruments.
Finally the signal analysis done in software was discussed. The peak detection and pairing
was presented and the compromises of the ”winner takes all” strategy were discussed,
mainly that it leads to under estimation of events, especially at high concentrations. We
discussed the fact that the measured differential argument would never be able to reach
values of 0, π/2, −π/2 and π, since the noise in the signal prevents any of the data streams
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from being exactly zero. This leads to artificial gaps when the argument is plotted, e.g.
in a scatter plot. Finally the way the concentration is calculated was presented. We
discussed that the volume needed to calculate the concentration was estimated using the
average transition time of the events and the cross sectional area of the detection channel.
To estimate the volume using this method, it is important to compensate for the error
made due to the parabolic profile of the flow in the detection channel caused by no slip
boundaries at the channel walls. A compensation factor calculated numerically using
MATLAB was then presented.
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4 Data analysis and visualisation
4.1 Plotting the impedance results
Each event has 4 peaks from the real and imaginary data streams in low and high frequency
(ie. LFRE, LFIM, HFRE, HFIM). For BactoBox, the low and high frequency is set at
366 kHz and 6.9 MHz, respectively, and these are the frequencies that will be used in the
following.
The peak values can be plotted in different ways to visualise various characteristics of the
data. Usually, the population of events from the same measurement is plotted together in
the same plot together with data from other measurements for easier comparison. Figure
4.1 show the results from 2 impedance measurements on E. coli and polystyrene beads (2
µm diameter) plotted in various ways.
The most straight forward way to visualize the data is direct plotting of the obtained
peak values for each event in a scatterplot. Low frequency (LFRE and LFIM) and high
frequency (HFRE and HFIM) are split into two different plots as shown in figure 4.1a and
figure 4.1b.
A scatterplot with the low frequency modulus (|LF|) on the x-axis and high frequency
modulus (|HF|) on the y-axis as shown in figure 4.1c. The moduli are calculated from
peak values using
√
LFRE2 + LFIM2
√
|HF| = HFRE2 + HFIM2
|LF| =

(4.1)
(4.2)

Under the right circumstances the modulus will correlate with particle diameter (for example as seen in figure 4.2) and this kind of plot can also be made with the cubic root of
the modulus to get a more direct relationship to particle radius. Technically the modulus
always depends on the volume of the particle or bacteria, but especially when measuring
on non-conductive particles this correlation is strong. As discussed before, bacteria and
other cells are effectively nonconducting at frequencies where the cell membrane remains
opaque (ie. lower frequencies). Here the current is forced around the bacteria and the
impedance change is directly related to the volume of the cell. However, if the frequency
is high enough so that the membrane is bypassed or if the membrane is not intact, the
modulus current now depends on multiple factors such as degree of membrane integrity
and cytoplasm conductivity. The ”slope” of the population therefore also illustrates the
opacity of the events (see more about opacity below).
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a)

b)

c)

d)

e)

E. coli
Polystyrene beads

Figure 4.1: Scatter plots visualizing impedance data for 2 µm polystyrene beads and E.
coli. a) shows the scatterplot plotted using the real and imaginary peak values at the low
frequency, b) the the real and imaginary parts of the peaks acquired at the high frequency,
c) the modulus calculated from the the low and high frequency peaks, d) the argument
calculated from the low and high frequency peaks, e) opacity and cubed.

A scatterplot with the low and high frequency argument on the axis, calculated from the
real and imaginary peak values, as shown in figure 4.1d. The argument (or phase) is
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calculated using arctan, but modified so that it covers the range from −π to π (ie. four
quadrant inverse tangent). In most programming languages this is done using the function
atan2 (or arctan2) defined in the following way

( )

arctan xy


( )



arctan xy + π



arctan ( y ) − π
x
atan2(y, x) =
π

+

2



π

−

2


undefined
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if
if
if
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x < 0 and
x < 0 and
x = 0 and
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y
y
y
y
y

≥ 0,
< 0,
> 0,
< 0,
=0

(4.3)

So that the argument for the low and high frequency is calculated from the peak values
in the following way
arg(LF) = atan2(LFIM, LFRE)

(4.4)

arg(HF) = atan2(HFIM, HFRE)

(4.5)

For a given complex number, a complete rotation of the argument (ie. 2π radians) leaves
the complex number unchanged (arg(Z) = arg(Z) + 2πn) and all of the events can be
plotted in any range spanning 2π (e.g., 0 to 2π or −π to π). The axis limits for the
argument can preferably be chosen so that the population is shown within the boundaries
of the plot. The argument is calculated from the ratio between the real and imaginary
peak values and is therefore less affected by signal attenuation (as long as the signal to
noise ratio is adequate). Figure 4.2 show histogram plots of the the cubed modulus and
argument from measurements on 3 sizes of polystyrene beads with diameter of 1 µm, 1.5
µm and 2 µm. It is seen that the cubed modulus decrease as the bead size decreases.
The increase in variation in the argument as the bead size decrease is due to a decrease
in signal to noise (SNR) ratio. As the bead size decreases, the overall peak height also
decreases while the noise stays the same resulting in a higher relative variation from peak
to peak.
Opacity is the ratio of the high frequency modulus and the low frequency modulus and is
a widely used parameter for comparing results from impedance flow cytometry. In figure
4.1e it is plotted on the y-axis with the cubed low frequency modulus on the x-axis.
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Figure 4.2: Histograms showing the cubed modulus and argument of polystyrene beads
with 3 diameters: 1 µm, 1.5 µm and 2 µm, measured at a frequency of 366 kHz.

4.1.1

Visualizing population density

Sometimes it is more advantageous to visualize the data from the IFC experiments in
density plots instead of scatter plots. Scatterplots are very useful for comparing two or
more populations directly, but do not convey where the density of events very well. To
visualize the density of events we can instead use a density plot (also called a heat map).
Figure 4.3 demonstrate two different ways to do this: a direct density plot and the kernel
density plot. To plot the direct density plot, the data space is divided in a fixed number
of fields and the density is based directly on the number of events inside each field. To
create the kernel density plot (also known as kernel density estimation or KDE [67, 68]
each event in the scatter plot is replaced by a kernel with a specified shape and width.
The kernel can have many shapes but normally a gaussian shape is used. The sum of the
kernels make up the kernel density map and create a smoothed out version of the direct
density plot as shown in figure 4.3c.

a)

b)

c)

Figure 4.3: Comparison between (a) scatter plot, (b) heat map, and (c) kernel density
map for a plot of low and high frequency argument from an IFC measurement of E. coli.

Plotting heat maps using the kernel density can create very nice and clear plots, but as
with any estimation based method the parameters must be chosen with care in order to
not loose vital information. Figure 4.4 shows the same data as before plotted for 3 different
kernel bandwidth (ie. the width of the kernel). We can see that is the kernel bandwidth
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is chosen too small (such as in figure 4.4a), the edges of the population becomes jagged
and we loose the clarity achieved by the smoothing compared to the direct density plot.
On the other hand, if the kernel bandwidth is too large (such as in 4.4c) the details of the
data is lost and we risk misinterpreting the results.

a)

b)

c)

Figure 4.4: Comparison between 3 kernel density plots with bandwidths of (a) 0.02, (b)
0.05, and (c) 0.15 for a plot of low and high frequency argument from an IFC measurement
of E. coli.

4.2 Comparing measurements
When simple visualization is not enough we need other methods to compare and analyse
the IFC data. In the following sections 3 approaches to comparison of data from IFC
is presented: classification with receiver operator characteristics, traditional statistical
comparisons using means and medians, and a contour based method closely inspired by
other IFC work [15]. These are of course only a few of the many ways the data can
be analysed. For example, large IFC datasets are ideal for analysis using sophisticated
multivariate methods or with machine learning, however, these methods are outside the
scope of this work.

4.2.1 Receiver operating characteristic (ROC) curves
ROC curves are a way to visualise the diagnostic ability of a binary classifier when varying
the classification threshold. A simple illustration of the idea is found in figure 4.5. Three
artificial data sets (group A, group B, and group C), each containing height measurements
from 6 people, is visualized as marks on a height scale (black, blue and yellow marks for
each group). The origin of the groups are not that important in this example, but could
be e.g. gender or nationality. The red vertical striped lines represents different values of
the classification threshold. Also shown in figure 4.5 is a sketch of the ROC curve obtained
from classification between group A and B, and group A and C. The axis of the ROC curve
shows the false positive rate (FPR) and true positive rate (TPR) for any given threshold.
The FPR is the number of events wrongly charactized as positive (FP) divided by the
total number of actually negative events (TN+FP).
FPR =

FP
= 1 − selectivity
TN + FP
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The FPR is equivalent to ’1 - selectivity’ and can also be described as ”the probability of
a false alarm”.
The TPR is number of events correctly identified as positive divided by the total number
of actually positive events (FN+TP).
TPR =

TP
= sensitivity
FN + TP

(4.7)

TPR is equivalent to the sensitivity.
Going back to the example in figure 4.5, if we compare group A and group B, and state that
every events under threshold number 1 belongs to group A, we will have 6 true positives
out of 6 actual positives in group A and 6 false positives out of 6 actual negatives in group
B. We therefore start the RIC curve in the top right corner at a FPR of 100% and a TPR
100%. When the threshold moves down to threshold number 2, we still have 6 out of 6 true
positives, but now we only have 3 false positive of 6 actually negative events, which places
us at a TPR of 100% and a FPR of 50%. As the threshold moves down, the TPR and
FPR change until they both reach 0% at threshold number 5. Doing the same for group
A and group C yields a ROC curve (as shown in figure 4.5) that gets closer to the top left
corner of the plot because the two groups have better separation in height and therefore
are easier to classify correctly. For two equivalent population the ROC curve would follow
the diagonal of the plot. An important parameter for ROC curves is the ’area under the
curve’ or AUC, with higher AUC indicating better classification. It is also clear from the
example given in figure 4.5 that it matter how the threshold is defined. In the example we
defined everything under the threshold as belonging to group A, but if we instead define
that everything above the threshold belongs to group A, our ROC curve would hug the
bottom right corner of the plot. Going forward we will always try to define the thresholds
so that the ROC moves toward the upper left corner so that the AUC is higher than 0.5.

2

100%

2

True positive rate

3

5

0%

1
1

Classifying population
based on height
200 cm

1

190 cm
180 cm

4

2
3

170 cm

4

160 cm
150 cm

5 False positive rate

100%

Group A

Group B

Group C

5

Figure 4.5: Simple illustration of how a ROC curve is generated for classification comparison based on height for three groups (A, B, C).
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In principle any given threshold can be used to differentiate between two populations but
depending on the dataset and the impact of the classification results it may be beneficial
to choose a specific threshold. For example, if you are testing a population for a highly
contagious virus it might be preferable to reduce the number of false negatives to limit
spread of the virus at the cost of a higher false positives count.
To illustrate the function of the ROC curves with a real world dataset we re-use the
impedance data for polystyrene beads and E. coli shown in figure 4.1 and create a ROC
curve for each of the axis found in that figure as shown in figure 4.6 together with a table of
the AUC values for each axis. It is seen that HFRE direct peaks, high frequency argument,
and HFIM direct peaks gives the highest AUC and the best classification between the 2
µm polystyrene beads and the E. coli.
Parameter

AUC

RE-peak LF

0.9423

RE-peak HF

0.9988

IM-peak LF

0.7282

IM-peak HF

0.9925

Modulus LF

0.9040

Modulus HF

0.8128

Argument LF

0.9731

Argument HF

0.9954

Opacity

0.9126

Figure 4.6: ROC curves and AUC values for data representation found in figure 4.1 for
measurements of polystyrene beads and E. coli

4.2.2 Medians and means
Another, more traditional way to compare populations is to compare different kinds of
population ”averages” such as the mean or medians values either visually or statistically.
The arithmetic mean (x) is perhaps the most obvious parameter to use for population
comparison and is calculated as the sum of measured values (e.g. low frequency arguments)
divided by the total number of values (n).
1∑
xi
n
n

x=

(4.8)

i=1

The mean is not a particularly robust parameter and is very susceptible to outliers in
the population. To compensate for this, more robust parameters can be used such as
the interquartile mean or, more suitably, the median. The median is the number in the
”middle” of the list when the measured values are sorted in order from smallest to largest
and is therefore much less susceptible to outliers at either end of the sorted list. An easy
way to graphically compare the median (and other quartiles) of a population is to make
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’box plots’ from the event data. Figure 4.7 shows an example of boxplots create with
MATLABs boxplot function for HF argument and opacity of polystyrene beads and E.
coli (the same data plotted in scatter plots in figure 4.1d+e). The boxplot has a red line
in the middle representing the median value with the edges of the blue box representing
the quartiles of the population. The whiskers of the boxplot extend to the most extreme
data points not considering outliers, and the outliers are plotted individually using a red
’+’ symbol.

π
HF argument [rad]
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Figure 4.7: Boxplots showing comparisons between polystyrene beads and E. coli compared by their HF argument and opacity. Each boxplot has a red line in the middle representing the median value with the edges of the blue box representing the quartiles of the
population. The whiskers of the boxplot extend to the most extreme data points not considering outliers, and the outliers are plotted individually using a red ’+’ symbol.

It is seen how the separation between the beads and E. coli populations is more absolute
in the HF argument compared to opacity, similar to what was concluded from the the
ROC curves discussed in the previous section.
Numerous methods exist for comparison of the statistical significant difference between
the mean or median of two populations, for example a t-test for comparison of means or
Mann-Whitney test for comparison of medians.

4.2.3

Contour comparison

While differences in mean and median can be quantified (tested statistically) it is harder
to quantitatively compare two population based on the shape of the population and two
different looking shapes can have the same mean. Spencer et al. [15] has in 2020 published
their work on their impedance-based Fast Antimicrobial Susceptibility Test (iFAST). To
evaluate shifts in populations they use a gate based method where a contour is defined
around a population of cells so that 50% of the cell population is inside the contour. The
same contour is then drawn onto cell populations from measurements where the cells have
been exposed to antibiotics and the percentage of cells inside the contour is calculated. A
decrease in cell concentration or or a change in the biophysical properties cells (causing a
shift in the population) will leave fewer cells inside the original contour. The effectiveness
of the antibiotic can thus be evaluated based on how many cells remain inside the contour.
The term control gate is also used to describe the original contour. Spencer et al. uses a
contour line that surrounds 50% of the data but in principle any contour line can be used.
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Fraction of cells in control gate =

Number of cells in gate
Number of cells originally in gate

(4.9)

This method works very well when evaluating measurements with a clear starting point
(such as measuring the same sample l multiple times with a fixed time interval between
each measurement). However, when comparing more independent samples it may be more
advantageous to compare the number cells in the control gate to the total number of cells
in the specific sample
Fraction of cells in control gate =

Number of cells in gate
Number of total cells

(4.10)

If the contour gate is made so that 50% of the cells in one population is inside the gate, a
similar population will also have close to 50% inside of the gate. If the difference in cells
inside the gate is different compared to the original population, the populations are most
likely not similar. The absolute difference in cell percentage inside the contour and the
expected cell percentage thus gives an indication of the similarity of the populations

Difference in cell fraction = |Target fraction − Fraction of cells in control gate|

(4.11)

To illustrate this method, a simple experiment with BactoBox was performed to test the
variation between different detection flow cells when measuring on E. coli bacteria. The
bacteria was grown over night and samples with 3 ml of diluted phosphate buffered saline
(PBS) were prepared. 3 µl of the overnight culture was pipetted directly into each 3 ml
sample causing a dilution of broth and cell concentration of 1000x (overnight concentration
for E. coli is roughly 109 /ml). 3 flow cells where used for measurements (Chip1, Chip2,
Chip3) and measurements where performed on 3 samples for each flow cell. Furthermore,
each flow cell has two measurement sites (site0, site1) for a total of 18 measurements. The
flow cell are identical, except for site0 Chip1 which is known to be broken. This leads to
an imbalance in current on Chip1 sit0 (ie. too high current on the ADC) and cutting of
the signal.
Figure 4.8 shows the data from the first of the measurements from each site of all 3 flow
cells with the outline of the control gate belonging to that measurement containing 90% of
the cell population. Measurements from all 3 repetitions can be found in Appendix A.1.
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HF Argument (6.9 MHz) [rad]

LF Argument (366 kHz) [rad]
Figure 4.8: Scatterplots showing the low and high frequency argument with contours
surrounding 90% of the cell population in each individual measurement. The data are
obtained from measurements on E. coli bacteria in 3 different flow cells (Chip1, Chip2,
Chip3), each with 2 measurements sites (site0 and site1).

In figure 4.9, the difference in cell fraction inside the contour using the contours and data
from all 18 samples is visualised, calculated using Eq. 4.11. It is seen that variation
between chips is relatively low except for the broken site on Chip1. However, some fluctuation between supposedly identical measurements do occur (e.g Chip3 site1, measurement
1).
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Figure 4.9: Contour comparison of 18 measurements on E. coli performed with 3 different
flow cells. Data is set up in a grid with the data points from each measurement on the
y-axis and the 90% contour from each measurement on the x-axis. Numbers in each grid
point show the absolute difference in cell fraction from 90% when looking at the data from
the measurement indicated on the x-axis inside the 90% contour from the measurement
indicated on the y-axis. Color grading is based on the fraction difference and goes from
green (0%) to yellow (30%) to red (>60%).

4.3 Chapter summary
In this chapter we have looked at the various ways the data from the IFC measurements
can be visualized and analysed. We looked at the different ways the complex data can be
visualised in scatterplots and discussed the advantages and disadvantages of scatterplots
and density plots.
We then looked at using ROC curves to compare and classify events from different measurements. We introduced the area-under-curve (AUC) value from the ROC curves and
used it to evaluate which data representation is best at differentiating between polystyrene
beads and E. coli. At a low frequency of 366 kHz and a high frequency of 6.9MHz, we
found that the high frequency argument, HFRE peaks and HFIM peaks provided strong
classification performance.
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We also looked at visualizing the data in box plots. Finally, we looked at an adapted
method based on gating. We used this method to look at the variation between different
measurement chips and found that the variation between working detection electrodes was
relatively low, but that outliers with higher technical variation than expected can occur.
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Part II

5 Bacteria characterisation and counting
From the very beginning of the PhD project it was known that we could differentiate
between E. coli bacteria and polystyrene beads. One of the first activities during the
project was to confirm and formalize this which led to the following paper:
• Clausen, C. H., Dimaki, M., Bertelsen, C. V., Skands, G. E., Rodriguez-Trujillo, R.,
Thomsen, J. D., & Svendsen, W. E. (2018). Bacteria detection and differentiation
using impedance flow cytometry. Sensors, 18(10), 3496.
In the paper we look at detection of bacteria with a special focus on differentiation between
species and on enumeration. We investigate the ability of the IFC system to accurately
determine the concentration of E. coli in a sample by measuring on multiple samples with
varying concentrations and comparing the results to standard plate counts. We find a
strong linear correlation (R2 > 0.99) between the two methods, but with a fixed offset
in the measured concentration. We also compare the impedance signals from E. coli and
Staphylococcus aureus and find that we can separate the two species based on their phase
angle when measuring at 8 MHz. We theorise that the differentiation is possible because
of the difference in the structure of the cell membrane between the gram-negative E. coli
and the gram-positive Staphylococcus aureus.
This chapter starts with a reprint of the manuscript described above. It then moves on
to discuss the reason for the clear distinction between beads and bacteria seen in the
differential argument, especially in the high frequency, and demonstrates this point with
some results from measurements on particles with different conductivities. Next, a simple
experiment showing how the growth rate of E. coli can be tracked using BactoBox, and
finally a presentation of measurements on 6 different bacteria strains is given.
The measurements from the paper are made with custom lab setup as described in the
paper and is the only experimental data presented in this thesis not made with BactoBox (a
pre-pre-prototype version of the BactoBox). The rest of the experimental data presented
in this chapter is obtained using BactoBox v2 and flow cells with design Q.
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Abstract: Monitoring of bacteria concentrations is of great importance in drinking water management.
Continuous real-time monitoring enables better microbiological control of the water and helps prevent
contaminated water from reaching the households. We have developed a microfluidic sensor with
the potential to accurately assess bacteria levels in drinking water in real-time. Multi frequency
electrical impedance spectroscopy is used to monitor a liquid sample, while it is continuously passed
through the sensor. We investigate three aspects of this sensor: First we show that the sensor is able to
differentiate Escherichia coli (Gram-negative) bacteria from solid particles (polystyrene beads) based
on an electrical response in the high frequency phase and individually enumerate the two samples.
Next, we demonstrate the sensor’s ability to measure the bacteria concentration by comparing the
results to those obtained by the traditional CFU counting method. Last, we show the sensor’s
potential to distinguish between different bacteria types by detecting different signatures for S. aureus
and E. coli mixed in the same sample. Our investigations show that the sensor has the potential to
be extremely effective at detecting sudden bacterial contaminations found in drinking water, and
eventually also identify them.
Keywords: electrical impedance spectroscopy; bacteria detection; bacteria differentiation;
water quality; bacteria counting

1. Introduction
One of the most common ways to determine if bacteria are present in a given sample, e.g., food,
urine, blood etc. is to plate the sample on an agar plate and culture it for 1–3 days inside an incubator.
This method is extremely easy and precise, but also very time consuming, because you need to wait
for the growth to occur before you know the concentration of your sample and can react accordingly.
This problem is of particular importance in drinking water systems [1,2], because the contaminated
water can quickly affect a large population. The slow analysis time of a traditional plate count means
that the water utilities cannot alert the population that a contamination is present before the potentially
dangerous water is consumed. Due to the size of the piping system, it can also be difficult for the
utilities to identify the source and location of the contamination and the drinking water can stay
polluted for many days.
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Effective enumeration of bacteria in liquid samples without the need for a time consuming culture
step has been an issue for several years [3] and a number of methods already exist that address this
problem. Some of the most prominent of these are fluorescence flow cytometry [4], electrical impedance
spectroscopy [5] and image analysis methods [6]. However, fluorescence flow cytometry requires
the use of either stains or labels in order to enumerate bacteria, which complicates the process [7].
Imaging techniques require the development of identification algorithms and are difficult to perform
in real time.
Characterizing biological samples by detecting dielectric changes using electrical impedance is
a technique that has been used in several forms, including Coulter counters and impedance flow
cytometers. Electrical impedance spectroscopy (EIS) [8–11] has been used to investigate different
biological samples in suspension and is able to characterize biological sample properties in a label
free manner. In EIS, a microfluidic channel is used to direct a sample of particles dispersed in a
liquid towards a set of electrodes with an applied AC electrical field [10]. Changes in the electric field
during particle transitions depend on the dielectric and structural properties (size, composition) of the
particles, which can therefore be determined through interpretation of the measured electrical current.
Different properties of the particles are probed at different frequencies, e.g., the particle size
is probed at low frequencies in the kHz range while the particle composition is probed at higher
frequencies in the low MHz range. Therefore, modern EIS devices apply a mixed multi-frequency
signal in order to simultaneously probe the particle properties. Integration of EIS into microsystems
is a relatively new development, which has been demonstrated to have various applications within
characterization of biological samples [8,9]. The advantages of this integration are better control and
higher sensitivity of the system.
The technique has been widely used for analysis of biological material; from differentiation of red
blood cells extracted from fish and human leukocytes [12] to detection of DNA in droplets [13].
Gawad et al. [8] presented the first single cell EIS differential microfluidic cell analysis system.
They reported the capability of EIS to differentiate erythrocytes and erythrocyte ghost cells, as well as
solid particle size separation in continuous flow. Furthermore, the technology has been applied to a
broad number of different micro-sized samples; it has been used to distinguish between different yeast
cells [14] and human blood cells of different kinds [9,15–17]. EIS has also been used to measure the
effect of electrical lysis on yeast cells [18]. Additionally, several reports exist on the modeling of the
signal response and how to elucidate how the different properties of the sample influence the recorded
signal [14,19]. Further applications include differentiating bacteria from polystyrene beads [20] and
distinguishing heat treated bacteria samples from un-treated samples [11].
Millions of bacteria species exist, many with unique structural and pathogenic properties.
Traditionally, bacteria are divided into two classes, gram negative and gram positive, depending on
the ability of their cell wall to retain crystal violet dye. Gram positive bacteria have an outer membrane
layer (see Figure 1), which is not present for gram negative bacteria. The presence of the extra
membrane is therefore a potential target for differentiation between gram positive and gram negative
bacteria by EIS.
In this paper we will present how we can detect and enumerate bacteria in water samples using
EIS. We will show that it is possible to detect bacteria not only in artificial buffers (e.g., diluted
PBS), but also in tap water. Furthermore, we will show that it is possible to differentiate between
gram positive and gram negative bacteria, by using our method to distinguish between two of the
most commonly found bacteria. The novelty of the paper lies in the real time continuous detection
of bacteria in water samples using impedance, as opposed to publications detecting bacteria in a
static environment.
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The bacteria used in this work are Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus).
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channel are 10 µm long and 10 µm wide with a pitch of 16 µm. The dimensions and pitch are the same
for the coplanar electrodes.
2.4. Measurement Setup
The setup used in this work uses a layout as shown in Figure 2B. An AC excitation signal is
applied to either the top electrodes (Figure 2B 1, front facing) or the middle electrode (Figure 2B 2,
coplanar), and the current is measured at the two remaining electrodes. In order to normalize the
detected signal a differential measurement is carried out between the two sets of electrodes, giving a
measured current of I = I1 − I2, as shown in Figure 2B.
The measurement setup consists of a custom-built aluminum chip holder containing the necessary
electrical and fluidic connections (fittings from Upchurch Scientific® , IDEX Health and Science,
Oak Harbor, WA, USA) for the microfluidic chip. O-rings were used to seal the fluid connections
of the chip to the holder. Differential EIS measurements were performed with a HF2IS Impedance
Spectroscope (Zurich Instruments, Zurich, Switzerland). The peak differential current during a
transition was used as the characterizing parameter of the particle. The signal was amplified by a
HF2TA trans-impedance amplifier (Zurich Instruments). A schematic drawing of the setup is shown
in Figure 2C. The applied signal was 3 V (amplitude) with the attenuation of the low pass filter of the
lock-in set to 24 dB with a bandwidth of 502 Hz. The sample rate was 28,800 Sa/s. The preamplifier
trans-impedance gain was set to 10 kV/A.
The sample liquid was driven through the chip using a Nexus 3000 syringe pump (Chemyx Inc.,
Stafford, TX, USA) at a rate of 0.01 µL/min. The measurements were carried out at two frequencies
simultaneously; a low frequency of 200 kHz and a high frequency of 7 MHz. These frequencies were
selected based on experimentally recorded spectra at frequencies between 200 kHz and 10 MHz on
samples containing different bacteria (E. coli, S. aureus and L. anisa–data shown in Supplementary
Figure S1).
2.5. Samples
The experiments were generally performed in a low conductivity saline solution (PBS diluted
to 1/20 with Milli-Q water) in order to better control the conductivity of the medium and to ensure
that the medium was particle free before introducing E. coli and polystyrene beads. The conductivity
of the prepared saline solution was measured to be 85 mS/m with a CDM210 conductivity meter
(Radiometer Analytical, Lyon, France).
Additionally, experiments in tap water were carried out. The samples were prepared in tap
water to demonstrate the capabilities of the biosensor in its envisioned operational environment,
considering that solid particles often exist in tap water supply and hence should be distinguishable
from bacteria contamination.
The concentration of bacteria (E. coli and/or S. aureus) and beads of 1 and 2 µm diameter in the
two sample buffers was always 2.5 × 106 mL−1 for each particle type. The beads were used in order to
test the system’s ability to discriminate solid particles in the 1 µm to 2 µm range from bacteria (which
have approximately the same size) in tap water.
For the experiments investigating the sample concentration, the bacteria (E. coli) concentration
was varied while the concentration of 2 µm beads was kept constant at 2 × 106 beads/mL.
2.6. Data Acquisition and Analysis
The raw data was recorded by a computer and analyzed using a custom MATLAB script
(MathWorks Inc., Natick, MA, USA), which identifies the differential peak current (Figure 2D) during
a particle transition. The program identifies the height and width of the peaks from the transitions
for the signal at both frequencies. The concentration of particles (C) is calculated using the transition
time (ttrans ) (i.e., the time is takes a particle to pass from one measurement electrode to the next) and
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Figure 3. (A) Opacity plotted against the low frequency signal of E. coli and polystyrene beads in
Figure 3. (A) Opacity plotted against the low frequency signal of E. coli and polystyrene beads in
drinking
water. (B) Phase shift at 7 MHz plotted against the low frequency signal of E. coli and
drinking water. (B) Phase shift at 7 MHz plotted against the low frequency signal of E. coli and
polystyrene beads in drinking water. (C,D) Same as (A,B), but with the bacteria and beads dispersed in
polystyrene beads in drinking water. (C,D) Same as (A,B), but with the bacteria and beads dispersed
1/20× PBS.
in 1/20× PBS.
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Tap water can be a difficult buffer to work with as its composition and electrical properties
vary depending on the time of day and the source. In order to have a well-controlled buffer with
a conductivity in the same range as tap water we used PBS diluted 20 times with milli-Q water
(1/20× PBS), which has a conductivity of 0.085 S/m. E. coli, 1 µm and 2 µm beads were added to
the buffer and the impedance response was measured with the sensor. The results are shown in
Figure 3C,D. It is evident that the two buffers behave similarly, with the correlation plot of the current
at 200 kHz versus the phase angle at 7 MHz still showing a clear separation between bacteria and beads.
The small differences in the phase of the 1 and 2 µm beads in Figure 3D can most likely be attributed
to the function of the filters in the measurement setup and variations in the data analysis algorithm.
Figure 3 confirms that 1/20× PBS is a good substitute to tap water when one wants to control
the properties of the liquid better, considering that tap water comes in a variety of conductivities
and composition. We note here that the ionic strength (and effectively the conductivity) of the
solution has an effect on the recorded high frequency phase. Tap water comes in a range of different
conductivities, but it should preferable be between 0 and 150 mS/m to be suitable for human
consumption. In this range of conductivities the phase signal from the bacteria is stable, as is shown in
Figure S2 (Supplementary Data), and we can therefore conclude that local variations in drinking water
conductivity will not have an effect on the sensor. However, we note that at higher conductivities the
phase signal will change, e.g., if PBS is used as the solution, in which case the bacteria can no longer be
distinguished from polystyrene beads (Figure S3 in Supplementary Data).
3.2. Determination of Bacteria Concentration
It is not essential to know the exact bacteria concentration when detecting sudden contamination
events, however, it is very important to be able to detect a change in the bacteria concentration, as it
is this change in concentration, which is used to determine if the water supply has been suddenly
contaminated. As a result, any bacteria detection system should be capable of rapidly determining any
increase in bacteria concentration.
To demonstrate the sensor’s ability to accurately measure changes in concentration five samples
with varying E. coli concentration and a fixed concentration of 2 µm beads were prepared (see Table 1).
The concentration was then determined with the sensor with a measurement time of 25–30 min per
sample. The samples were also plated and the colonies were counted after 24 h. The calculated
concentrations by the EIS system (Equation (1)) and the plate count are shown in Table 1.
Table 1. Details of the concentration determination experiments, along with the measured transitions
and the calculated concentrations by EIS and plating.
Sample
A
B
C
D
E

Measurement Time (s)

Beads (#)

Beads (/mL)

E. coli (#)

E. coli (/mL)

Plate Count (/mL)

1551.46
1554.65
1551.71
1551.9
1861.85

377
426
398
366
445

191,202
201,612
192,603
185,596
186,478

7
92
224
483
843

6221
48,181
118,006
274,769
396,767

3000
154,000
326,000
643,000
1.00 × 106

The plots shown in Figure 4 depict the measured data of the bacteria concentration as detected
by the system and by CFU counting. The bacteria count of the system is not identical to the results
obtained with the CFU method, but there is a proportional relation between the measured values by EIS
and the values obtained by CFU. This indicates that the difference between the two counting methods
is caused by the way the concentration is estimated (see Section 2.6), for example due to variations in
the detection volume that arise from fabrication. The result could also be influenced by smaller bacteria,
which are missed due to a lack of sensitivity in the system. The 2 µm beads are all counted successfully
as the signal from these is at least 8 times larger than that for the bacteria. Even though the system is
not able to accurately determine the exact concentration of bacteria in a sample, its ability to precisely
determine a change in concentration makes it a candidate for monitoring bacteria contaminations
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bacteria contaminations in liquid samples. Moreover, since the relationship between the actual (by
in liquid samples. Moreover, since the relationship between the actual (by CFU) concentration and
CFU) concentration and measured concentration is linear, then the actual concentration can be
measured concentration is linear, then the actual concentration can be accurately estimated after a
accurately estimated after a system calibration.
system calibration.
We note that the discrepancy observed in sample A, where the concentration calculated by EIS
We note that the discrepancy observed in sample A, where the concentration calculated by EIS
is larger than the one found by CFU which arises due to statistical variations in low concentration
is larger than the one found by CFU which arises due to statistical variations in low concentration
samples along with the in-built errors in the data processing. Indeed, we note that in the 25 min of
samples along with the in-built errors in the data processing. Indeed, we note that in the 25 min of the
the experiment only seven transitions were registered as opposed to about 100 and over in samples
experiment only seven transitions were registered as opposed to about 100 and over in samples B to E.
B to E. As the data analysis software can erroneously detect up to five transition events in a clean
As the data analysis software can erroneously detect up to five transition events in a clean sample, it is
sample, it is likely that the EIS calculated concentration for sample A is overestimated. From Table 1
likely that the EIS calculated concentration for sample A is overestimated. From Table 1 and using
and using samples B to E we can also estimate our detection limit as the concentration required for
samples B to E we can also estimate our detection limit as the concentration required for detecting a
detecting a single transition event as 522 ± 40 bacteria/mL.
single transition event as 522 ± 40 bacteria/mL.
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3.3. Differentiation between Gram-Positive and Gram-Negative Bacteria
3.3. Differentiation between Gram-Positive and Gram-Negative Bacteria
The structural differences between the membranes of Gram-positive and Gram-negative bacteria
The structural differences between the membranes of Gram-positive and Gram-negative
make it probable that a difference will appear on the high frequency phase signal. This is indeed the
bacteria make it probable that a difference will appear on the high frequency phase signal. This is
case, as can be shown in Figure 5. Figure 5A shows the correlation plot for three samples, one containing
indeed the case, as can be shown in Figure 5. Figure 5A shows the correlation plot for three samples,
E. coli mixed with polystyrene beads, one containing S. aureus (MSSA) and one containing a mixed
one containing E. coli mixed with polystyrene beads, one containing S. aureus (MSSA) and one
population of E. coli, MSSA and beads. In Figure 5A we can see that distinct populations appear
containing a mixed population of E. coli, MSSA and beads. In Figure 5A we can see that distinct
around 2, 3 and 5 rad, with the population at 5 rad visible in all the samples, suggesting that this
populations appear around 2, 3 and 5 rad, with the population at 5 rad visible in all the samples,
population comes from the polystyrene beads that were present in two of the samples. As the MSSA
suggesting that this population comes from the polystyrene beads that were present in two of the
sample did not contain beads, it is plausible that there is some bead contamination in the system,
samples. As the MSSA sample did not contain beads, it is plausible that there is some bead
giving rise to the bead signal in the MSSA sample.
contamination in the system, giving rise to the bead signal in the MSSA sample.
By plotting the number of points appearing at the different phase angles in Figure 5B, we can see
By plotting the number of points appearing at the different phase angles in Figure 5B, we can
that E. coli and MSSA indeed present two distinct populations at 2 and 3 rad, respectively. Fitting the
see that E. coli and MSSA indeed present two distinct populations at 2 and 3 rad, respectively. Fitting
data using normal distributions we find that the mean phase value for the E. coli is 2.22 rad with a
the data using normal distributions we find that the mean phase value for the E. coli is 2.22 rad with
a standard deviation of 0.55 rad (n = 325), while the mean phase value for MSSA is 3.09 rad with a
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Whether or not the differentiation method can be generalized to a larger number of different
bacteria is still under investigation. Theoretically, different bacteria types have different membrane
bacteria is still under investigation. Theoretically, different bacteria types have different membrane
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and cytoplasm structures and should therefore have different dielectric properties, though
the differences are small. However, increasing the system sensitivity can be achieved by changing
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the
channel geometry (e.g., in [30]), using a different set of frequencies or combining EIS with other
changing the channel geometry (e.g., in [30]), using a different set of frequencies or combining EIS
dielectric
based
methods,
as DEP.
with other
dielectric
basedsuch
methods,
such as DEP.
3.4. General Discussion
3.4. General Discussion
In
presentedhow
howour
ourdevice
devicecan
can
detect
and
differentiate
E. coli
S. aureus
Inthe
theabove
above we
we have
have presented
detect
and
differentiate
E. coli
andand
S. aureus
ininwater
the limit
limitof
ofdetection
detection(LOD)
(LOD)
from
what
is required
for such
a sensor.
watersamples,
samples, however,
however, the
is is
farfar
from
what
is required
for such
a sensor.
The
per 100
100mL
mLwater
waterwhich
whichisismuch
much
lower
than
bacteria/mL
Theacceptable
acceptablelimit
limit is
is 11 coliform
coliform per
lower
than
thethe
ca.ca.
500500
bacteria/mL
that
AlthoughE.E.coli
coliand
andS.S.aureus
aureus
were
used
bacteria
in order
thatour
ourdevice
device can
can measure.
measure. Although
were
used
as as
testtest
bacteria
in order
to to
validate
thestandard
standardplate
platecount,
count,the
the
purpose
device
is not
to reach
validateour
ourmethod
method against
against the
purpose
of of
thisthis
device
is not
to reach
this this
type
single bacteria
bacteriaspecies
speciesbut
buttotoprovide
provide
the
total
bacteria
count
a water
sample
typeofofsensitivity
sensitivity for
for a single
the
total
bacteria
count
in ain
water
sample
and
this number.
number.Indeed,
Indeed,there
thereare
arefour
four
main
indicators
used
water
quality
anddetect
detectchanges
changes to this
main
indicators
used
for for
water
quality
[31]:[31]:
(a)Heterotrophic
Heterotrophic plate
plate count
count (HPC),
of of
culturable
bacteria
in ainwater
(a)
(HPC),which
whichrefers
referstotothe
thenumber
number
culturable
bacteria
a water
sample,(b)
(b)Total
Totalcoliform,
coliform, (c) Fecal
The
presented
sensor
aims
to address
the the
sample,
Fecal coliform
coliformand
and(d)
(d)E.E.coli.
coli.
The
presented
sensor
aims
to address
firstindicator,
indicator,HPC
HPC[32].
[32].Significant
Significantchanges
changesininHPC
HPCserve
serveasas
alert
possible
deterioration
first
anan
alert
forfor
possible
deterioration
of of
water
water quality,
triggering
investigation.
However,
HPCmeasures
only measures
culturable
bacteria,
quality,
triggering
further further
investigation.
However,
HPC only
culturable
bacteria,
with the
withnumber
the totalofnumber
bacteria
being
1000 times
to 10,000
times
higher
The presented
device
can all
total
bacteriaofbeing
1000
to 10,000
higher
[33].
The [33].
presented
device can
measure
measure
all
bacteria
in
water,
culturable
or
not,
and
therefore
provides
a
fast
and
accurate
bacteria in water, culturable or not, and therefore provides a fast and accurate measurement of the
measurement of the total bacteria count, that does not involve time-consuming culturing steps. The
total
bacteria count, that does not involve time-consuming culturing steps. The Danish limits for HPC
Danish limits for HPC are 5 bacteria per mL at 37 °C, which means a total of 5000 to 50,000 bacteria
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achievable with the presented device.
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5.2

Influence of effective conductivity relative to the
medium

When going through the theory of the impedance response of bacteria in chapter 2,
we noted how the differential argument of the impedance between two electrode sets
(arg(Z − Z0 )) would shift significantly even when the argument from a single set (Z)
would only change a little. In chapter 4 we also saw how the differential argument (at
low and especially at high frequencies) was one of the best parameters to choose to differentiate between E. coli and polystyrene beads (figure 4.6). Before we go through more
experimental data, we should discuss why this is in more detail.
Consider the phasor diagram shown in figure 5.1a. Two phase vectors, A and B1, are
shown, and the modulus of phasor A is larger than the modulus of phasor B1. Similarly,
two phasors are shown in figure 5.1b, but here the modulus of B2 is larger than the modulus
of A. Finally, 5.1c shows the differential phasor (A-B1 and A-B2), and we see that the
two differential phasors are out of phase (ie. they have a difference in argument of π) even
though all three of the original phasors were completely in-phase. This example may seem
trivial, but it can be related directly to our model of the differential impedance between
two electrode sets during the transition of a bacteria or particle. As a bacteria passes
between the first electrode set it will either increase or decrease the impedance compared
to the situation when nothing but electrolyte is present between the electrodes. Since we
always measure the difference in impedance, the argument (or phase) of the differential
argument is directly dependent on whether the passing bacteria increases or decreases the
impedance (ie. whether the modulus of the phasor is smaller or larger). If the impedance
from both electrode sets are in-phase this means that the differential argument shifts with
π-radians, but even if the two original phasors are not perfectly in-phase, the differential
argument will still shift.
The same example, illustrated using the signal waveforms instead of phasors, is presented
in the draft for the paper manuscript ”The influence of exposure time in classification of
heat-treated E. coli using impedance flow cytometry”, presented in chapter 7.
a)

b)
IM

c)
IM

A

IM

B2
A

A – B1

B1

π
RE

RE

RE

A – B2

Figure 5.1: Phasor diagram illustrating the shift in differential argument as the modulus
of two subtracted vectors changes. a) Modulus of A is larger than B1, b) Modulus of A is
smaller than B2, c) the difference in argument between A-B1 and A-B2 will be π.

Whether the impedance is decreased or increased will depend on the effective conductivity
of the bacteria compared to the surrounding electrolyte. For example, an intact bacteria
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measured at a frequency low enough that the impedance across the membrane capacitor
is very high will increase the impedance, but when the frequency is increased and the
impedance across the capacitor drops it will appear more conductive than the surrounding
medium if the medium conductivity is lower than that of the cytoplasm in the interior of
the cell.
This idea can be generalized so that when the differential argument is plotted, e.g. in a
scatter plot with low and high frequency differential argument on axis, the event populations will move between 3 primary positions each separated by roughly π-radians:
1. Events are effectively less conducting than the surrounding medium at both low
and high frequency
2. Events are effectively less conducting than the surrounding medium at the low
frequency, but more conducting in the high frequency
3. Events are effectively more conducting than the surrounding medium at both low
and high frequency
In principle a fourth position exists where events that are more conducting in the low
frequency compared to the high frequency would be placed, but it is not obvious what
kind of real world particles would have this property. Perhaps, coiled nanotubes or similar
structures would have inductor like properties, but this is pure speculation. For now we
will stick to the 3 primary positions as shown in figure 5.2.

HF Argument

1

3

2
LF Argument

Figure 5.2: Sketch showing the 3 primary populations events will take in an differential
argument scatterplot.

The placement of events among the 3 populations depends on the chosen frequency and
the conductivity of the medium. In BactoBox the measurement frequencies (366 kHz and
6.9 MHz) are chosen so that the membrane shields the interior of the bacteria at the
low frequency but the cytoplasm is probed at the high frequency. Similarly it is crucial
to choose a medium conductivity below the expected cytoplasm conductivity in order to
see the π-shift. The standard medium conductivity used for BactoBox measurements is
5.2. INFLUENCE OF EFFECTIVE CONDUCTIVITY RELATIVE TO THE
MEDIUM
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80 mS/m, which is below the cytoplasm conductivity found in the majority of bacteria.
Under these conditions, we can say something about what kind of cells and particles we
expect to see in the 3 positions:
• Position 1: Homogeneous non-conducting beads such as polymer beads (e.g. polystyrene),
glass beads or ceramic beads. Also cells and cell like structures (e.g. vesicles or liposomes) where either the interior medium has a conductivity that is lower than
that of the surrounding medium or where the membrane is too thick to be properly
penetrated by the electric field even at the high frequency.
• Position 2: Intact cells and bacteria where the membrane shields the cytoplasm at
the low frequency but is bypassed at the high frequency, so that the higher conductivity cytoplasm is probed.
• Position 3: Homogeneous conducting beads such as metal beads. Bacteria with
perforated membranes that allow the cytoplasm to be probed even at low frequencies.
Particles with conducting outer layers where current can run in the shell of the
particle without having to first bypass a conducting membrane.
In order to illustrate the 3 positions experimentally, a simple experiment using polystyrene
beads (2 µm from Polysciences, USA, non-conducting at both frequencies), E. coli (ATCC
8739, non conducting in the low frequency but conducing in the high frequency) and silver
coated silica beads (85 nm silver coating on a 2 µm silica bead from Cospheric, USA,
conducting at both frequencies). The measured differential arguments are shown in figure
5.3 and we see that the polystyrene beads are placed in location 1, the intact E. coli cells
in position 2, and the conducting silver coated beads in position 3. The events showing up
in position 1 for beads and bacteria are considered background particles present in every
measurement. Generally there is always a few particles detected even when the the sample
have been pre-filtered (e.g. sterile filtration through a 0.22 µm filter). The background can
be particles left over in the system or debris e.g. from the tubing of the peristaltic pump.
The frequencies used for measurements was 366 kHz and 6.9 MHz. All three samples were
suspended in 1/20xPBS diluted with ultra pure water.

Figure 5.3: Differential argument measured on (a) polystyrene beads, (b) E. coli and
(c) silver coated beads illustrating the 3 dominating positions in the argument plot. The
frequencies used for measurements was 366 kHz and 6.9 MHz. All three samples were
suspended in 1/20xPBS diluted with ultra pure water.
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5.3 Growth tracking of E. coli
Most of the experimental work that is presented in this thesis focuses on the characterization of bacteria and not on the quantification. However, here I would like to present
the results from a simple experiment where I am using BactoBox to track the growth of
an E. coli culture by progressively measuring the concentration of cells and comparing it
to concentration measurements using drop plating [69] on agar plates. The tracking of
cell culture is an interesting commercial application for BactoBox, e.g. in fermentation
processes.
The strain of E. coli used for this experiment is again ATCC 8739. It is grown overnight
(ON) at 37°C in tryptic soy broth (TSB) after which 100 µl is reinoculated into 10 ml TSB.
The concentration in the ON culture is roughly 109 /ml and we therefore expect a starting
concentration of 106 . This means that we are not starting the cultures in the very early
exponential phase and expect to be able to see the concentration increase fairly quickly.
Every 2 hours 150 µl culture is extracted for experiments so that the final culture volume
after 12 hours is 8.95 ml. 3 sample for BactoBox measurements are prepared by pipetting
3 µl from the extracted culture into 3 ml of 1/20xPBS (150 µl 1xPBS + 2.85 ml ultra pure
water). 3 samples are prepared for each extraction time and measured with BactoBox.
The measurement time for each sample is 180 seconds. Concentrations for each sample
is calculated using the equations presented in section 3.4.2 (taking the 100x dilution into
account) after which the mean and standard deviation is calculated for each extraction
time. 10-fold dilution of the extracted culture is also made and plated on tryptic soy agar
plates (TSA) using the drop plate technique (3 drops for each dilution). After 24 hours
the CFU are counted and the original concentration is calculated based on the specific
dilution.
The resulting concentrations from BactoBox measurements and plate counts can be seen
in figure 5.4 and we see very good correlation between the obtained concentrations.

Figure 5.4: Growth tracking of E. coli. Concentration measurements of a growing culture
of E. coli using BactoBox (left) and drop plates counts (right). Standard deviation based
on 3 measurements are shown for each time point.

5.4 Different bacteria species
Bacteria are one of the most diverse organisms on earth with variation in both genotype
and phenotype. In order to understand how (or if) this diversity influences measurements
with IFC, 6 bacteria species (shown in table 5.1) were chosen, 3 gram-positive and 3 gram5.3. GROWTH TRACKING OF E. COLI
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negative. 5 out of 6 of the species are rod shaped (the last is spherical), but even between
the rod shaped species the diversity can be significant. For example, B. subtilis can grow
to be ~20 µm in length depending on growth conditions, while Acinetobacter baumannii is
much shorter and almost spherical. In this section, the impedance measurements of the 6
strains are presented and compared using an analysis based on ROC characteristics (see
section 4.2.1). Specifically, we will test if it is possible to tell the species apart based on
their shape and gram-type (ie. due to differences in cell envelope - see section 2.2).
Table 5.1: Overview of the 6 species used for experiments

Name

Strain

Gram

Shape

Other characteristics

Escherichia
coli

ATCC
8739

neg

Rod

1-3 µm by 0.5 µm [70]

Klebsiella
aerogenes

ATCC
13048

neg

Rod

Approximately 1-3 µm in
length

NCIMB
12457

neg

Rod

Typically 1.0–1.5 µm by
1.5–2.5 µm, more coccoid like
in the stationary phase [71]

Acinetobacter
baumannii

Listeria
innocua

ATCC
33090

pos

Rod

Short rod with rounded ends
that occurs singly, in parallel,
or in V shapes [72]. On the
order of 0.5–2 µm in length [73]

Bacillus
subtilis
subsp.
spizizenii

ATCC
6633

pos

Rod

Large and spore-forming cells
with a sizes of 0.3-22 µm ×
1.2-7.0 µm [74]

Staphylococcus
epidermidis

ATCC
12228

Spherical

1 µm in diameter [75], found
on skin and in mucous
membranes [76], grows in
cluster or as diplococci

pos

Experiments were carried out with BactoBox v2 and flow cell design Q. All bacteria were
grown in 10 ml tryptic soy broth (TSB) at 37°C with shaking at 200 rpm. All 6 species
were grown under these conditions to simplify the experimental workflow, however some of
the species will grow faster under other conditions. For example, it is recommended that
B. subtilis is grown at 30°C, not 37°C. This difference in growth condition could affect the
cell morphology and subsequently the impedance results. These results should therefore
only be seen as an indication of how impedance can be used to sense morphological and
electrical differences between species at these specific conditions, and not the final answer
to what the impedance response of the specific species is. 3 µl from an over night (ON)
culture of each species was reinoculated in TSB. For BactoBox measurements, 3 µl from
each sample was extracted and diluted into 3 ml 1/20xPBS (phosphate buffered saline
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diluted with ultra pure water). This was done after 3, 4, 5, 6, 7, 17, 19, 21 and 23 hours.
Furthermore, the cultures were left in the incubator and samples were extracted after
7 and 14 days. BactoBox measurements were carried out at 366 kHz and 6.9 MHz as
always. Measurements on polystyrene beads samples were performed before each time
step to ensure that the impedance measurements were consistent.
In figure 5.5 and 5.6, kernel density plots of the resulting argument is shown for each
species (and the polystyrene beads) from the measurements after 21 hours and after 7
days. The results from the remaining time steps can be found in Appendix B.1.

HF Argument [rad]

21 hours of growth

LF Argument [rad]
Figure 5.5: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 21 hours of growth. Number in
the corner of each plot indicates the number of events that the kernel density plot is based
on.

After 21 hours (figure 5.5) all 6 species have grown, but it is clear from the number of
5.4. DIFFERENT BACTERIA SPECIES
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events that they do not grow at the same rate. Especially the B. subtilis grow slow and
based on the number of events we have 10x more E. coli than B. subtilis after 21 hours.
The cell populations from all 6 species are placed at or in between the 3 primary positions
discussed in the previous section. Except for B. subtilis, every species seems to have
the majority of the events around position 2 as expected. However, it is also clear that,
while the populations appear in the same general area, they are not identical. This is
encouraging since it means that different species of bacteria do have different impedance
response and that the difference can be visualized by the differential argument. It is not
simple to determine the exact cell property that causes this difference from the density
plots alone. For example, it appears that the highest density point of the S. epidermidis
population is closer to position 1 (non-conductive) than e.g. the high point of the E. coli
population. This could be because the membrane of the S. epidermidis is thicker than
that of E. coli and therefore less transparent, but this can not be concluded directly from
the density plots. The most distinct species population is that of B. subtilis, whose events
are smeared across the range between the 3 primary positions. The highest density of
cells are found close to position 3, indicating that the cells are more conducting than the
medium around them, even in the low frequency. We will look at this in more detail in
the coming section, but from just the density plots it is not apparent that the observed
variation relates to the gram-type of the species. The populations of the gram-negative
E. coli and K. aerogenes do appear similar in shape and location, but the 3 gram-positive
species (B. subtilis, S. epidermidis, Listeria) do not.
After 7 days of growth (figure 5.6), we can see that the positions of the cell populations
have changed. The E. coli and K. aerogenes populations remain largely in the same place,
but both populations are less confined than they were after 21 hours. The B. subtilis
population is also more confined than before and we now see the majority of the cells
located at position 3. The same can almost be said for the Acinetobacter populations,
where the majority of the cells are also located at position 3, but with a tail reaching
across into position 2 and 1. The Listeria and S. epidermidis populations have split into
2 (maybe even 3 for Listeria) placed at position 2 and 3. After 7 days of growth, the
cell cultures have undergone several cycles of perpetual cell growth and cell death. It is
possible that the cells found at position 1 and 3 are dead or non-viable cells still present
in the culture. It is however not obvious why these cells would be significantly more
apparent in e.g. S. epidermidis compared to E. coli. The influence and characterization
of non-viable cells will be discussed further in chapter 7.
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HF Argument [rad]

7 days of growth

LF Argument [rad]
Figure 5.6: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 7 days of growth. Number in
the corner of each plot indicates the number of events that the kernel density plot is based
on.

Comparing gram-positive and gram-negative species
For a more quantitative comparison of the 3 gram-positive and 3 gram-negative species
we group the populations together based on their gram-type and evaluate if it is possible
to classify the two groups based on the differential argument. Figure 5.7 shows the calculated ROC curves comparing the grouped populations of gram-positive and gram-negative
species, classified based on the differential argument in both low and high frequency, for
the data obtained after 21h and 7 days of growth. Remember that for ROC curves, the
classification is better the closer the curve gets to the top left corner of the plot (100% TPR
and 0% FPR). We define our threshold and ROC curve so that a true positive event corresponds to a gram-positive bacteria correctly identified as gram-positive. Subsequently,
a false positive event is a gram-negative bacteria wrongly classified as gram-positive.
5.4. DIFFERENT BACTERIA SPECIES
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We can see that the classification between gram-positive and gram-negative cells based on
the differential argument is quite poor at both frequencies. After 21 hours of growth it is
practically impossible to differentiate gram-positive and gram-negative cells, however for
LF argument it is possible to achieve a TPR of 90% unfortunately at the cost of a FPR
of 60%. This means that when 90% of the gram-positive bacteria are correctly identified
only 40% of the gram negative will be. The ROC curve analysis has also been carried out
using the moduli of the measured data. The results of that analyses also did not reveal a
great difference between the gram-types (see ROC curves in Appendix B.2). In practice
this level of classification is not very useful, and the conclusion from the considerations of
the density plots remains the same: based on the data obtained in this experiment, it is
not possible to generally differentiate gram-positive and gram-negative bacteria based on
their impedance response.
Classification based on gram-type

Figure 5.7: ROC curves comparing the differential argument of the data from 6 bacteria
species seen in figure 5.5 and 5.6 grouped based on the gram-type of the species (ie. grampositive: B. subtilis, S. epidermidis, Listeria and gram-negative: E. coli, K. aerogenes
Acinetobacter). The ROC curves are calculated for low and high frequency argument (366
kHz and 6.9 MHz) from measurements made after both 21 hours and 7 days. Also shown
is a table with the values for the area under the curve (AUC) for the 4 ROC curves.

It is important to note that the data has not been balanced in any way. Normally, it is not
necessary to balance the data for ROC analysis since the positive and negative events are
independent of each other. However, here we mix multiple populations into one to create
the datasets and these populations are not balanced. A balanced dataset could provide
slightly better AUC values (e.g., since the B. subtilis would be weighted higher), but it
wouldn’t change the overall conclusion, that a general difference between gram-positive
and gram-negative bacteria is there.
Comparing Staph ep. to the rod-shaped species
The only non rod-shaped species that has been investigated is Staphylococcus epidermidis,
although some of the rod-shaped species are quite short mainly Acinetobacter and Listeria.
To investigate how well the coccoid shaped S. epidermidis can be be differentiated from the
remaining 5 species, the AUC is calculated when comparing S. epidermidis individually
to each of the rod-shaped species as well as to the polystyrene beads. The resulting AUCs
can be seen in table 5.2.
Based on the calculated AUC values it is not possible to say that the coccoid S. epidermidis
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Table 5.2: Area under curve for ROC curves based on the low and high frequency argument from impedance measurements of gram-positive Staphylococcus epidermidis individually compared to each of the 5 gram-negative strains. An AUC is closer to 1 means
better classification (separation) between two cell populations. An AUC of 0.5 means the
population cannot be differentiated.

Threshold in LF Argument
Name

Threshold in HF Argument

21 hours

7 days

21 hours

7 days

Polystyrene beads

0.95

0.95

0.99

0.99

Escherichia coli

0.67

0.73

0.82

0.63

Klebsiella
aerogenes

0.51

0.64

0.71

0.57

Acinetobacter
baumannii

0.72

0.68

0.73

0.62

Listeria innocua

0.78

0.54

0.77

0.53

Bacillus subtilis
subsp. spizizenii

0.73

0.70

0.71

0.74

can be differentiated from the rod-shaped cells, especially not when compared to the
polystyrene beads.
The conclusion based on the data and analysis presented in this section must be that, while
there are definitely differences in the impedance response of the different bacteria species,
it is not obvious that these differences are related to the gram-type or the shape of the
bacteria. In my opinion, the phenotypical expression (e.g. based on growth conditions)
and the state of the bacteria (e.g. dormant or dead), affects the bacteria morphology and
consequently the impedance response to a similar degree. To investigate this in greater
detail, a powerful method for cell bacteria morphology would be a great help. Here electron
microscopy comes to mind, since it has been used before to visualize the cell structure of
bacterial cells [77, 78]. The preparation of the cells could pose a potential challenge.
Traditionally, cells are prepared though a drying and fixing process using ethanol, HMDS
and glutaraldehyde [79] that can affect the cell morphology.

5.5 Chapter summary
In this chapter we have looked at impedance results from various experiments meant to
show how or if, IFC (and more specifically BactoBox) can be used to count and characterize
bacteria and other particles. First, a manuscript of a reprint of a paper made in the very
beginning of the PhD project was presented. It showed that is was possible to detect E.
coli and Staphylococcus bacteria and differentiate them from polystyrene beads.
We then went on to discuss how changes in the relative effective conductivity between
the electrolyte medium and the transitioning particle or bacteria causes an obvious shift
in differential argument. This means that when plotting the differential argument data
5.5. CHAPTER SUMMARY
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(e.g. in a scatter plot), the event populations will generally be placed in three primary
positions and this point is illustrated by experimental data for polystyrene beads, bacteria
and silver coated silica beads.
To demonstrate the counting ability of BactoBox, a simple growth tracking experiment
with E. coli was presented. We showed that the concentrations measured on a growing
culture with BactoBox corresponded very well with what was found using plate counting
on agar plates.
Finally, the impedance response of 6 different bacteria species was investigated. We found
that the response was not identical for the 6 species, but were not able to correlate the
impedance response to gram-type or bacteria shape.
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6 Liposomes
The experiments that form the basis of the results presented in this chapter were carried
out during a research stay at the University of Barcelona from November 2019 to February
2020. The work was carried out in the laboratories at the Department of Electronics
and Biomedical Engineering with advice and assistance from assistant professor Romén
Rodriguez Trujillo and PhD student Martina Di Muzio. The work resulted in a manuscript
that, at the time of writing this, is being revised for resubmission:
• Bertelsen, C. V., Skands, G. E., Trujillo, R. R., Muzio, M. D., Gomila, G., Dimaki,
M., & Svendsen, W. E. (2021). Advancing impedance flow cytometry using customsynthesized liposome samples as a model for cellular studies. is being revised for
resubmission
This chapter contains a short introduction and a print out of that manuscript.
All the experimental data presented in this chapter is obtained with a BactoBox v2 and
flow cell design Q.

6.1 Introduction
Liposomes are vesicles that come in many sizes and consists of one or more lipid membranes
around an aqueous core, as seen in figure 6.1. The reason liposomes are interesting in
regards to detection with IFC, is that liposomes can be synthesized so that the properties
that matter to the IFC measurements will be known. As we have discussed previously,
bacteria are diverse and their electrical properties can be complex to predict. By replacing
the bacteria with the much simpler liposomes, we hope to gain a better understanding of
what properties can and cannot be probed with IFC in general, and also specifically with
BactoBox.

Figure 6.1: Illustration of a liposome and table of liposomes characterisation according to
size and lamellarity, both adapted from [80].

The synthesis process is fairly simple. In the manuscript draft printed in the next section, we describe our work with liposomes synthesised using two different phospholipids,
Dioleoylphosphatidylcholine (DOPC) and Dipalmitoylphosphatidylcholine (DPPC). The
phospholipids are bought from Avanti Polar Lipids (Alabama, USA) and are suspended in
chloroform. The processes for liposome synthesis is very similar for the two lipids. First,
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the lipids are placed in a glass tube and the chloroform is gently evaporated so that a
layer of dried lipids cover the inside wall of the glass tube. Then, an aqueous medium is
added to the dried lipids. Since the lipids are amphiphilic they will spontaneously form
vesicles with bi-layer membranes that encapsulates part of the aqueous medium in which
they are suspended. By choosing the conductivity of the suspension medium (in our case,
by suspending in a PBS dilution) the conductivity of the interior medium of the liposome can be controlled. To homogenise the liposome size, the suspension is injected back
and forth through a filter with a specified pore size (e.g., 1 µm filter). As the liposomes
squeeze through the filter, they break and form smaller vesicles that conform to the pore
size. Finally, we can now control the conductivity of the medium outside the liposomes
by e.g. diluting with ultra-pure water to lower the conductivity or add PBS to raise it.
Through this synthesis process the membrane composition, medium inside the liposomes,
and medium outside the liposomes can be controlled.
In the following section, a draft for a short manuscript describing our work with IFC
detection and characterization of liposomes is printed.
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6.2 Manuscript
ADVANCING IMPEDANCE FLOW CYTOMETRY USING CUSTOM-SYNTHESIZED
LIPOSOME SAMPLES AS A MODEL FOR CELLULAR STUDIES
Christian Vinther Bertelsen1,2, Gustav Erik Skands2, Romén Rodriguez Trujillo3,4, Martina Di
Muzio4, Gabriel Gomila3,4, Maria Dimaki1, Winnie Edith Svendsen1
1
Technical University of Denmark, DTU Bioengineering, Kgs. Lyngby, Denmark
2
SBT Instruments A/S, Herlev, Denmark
3
University of Barcelona, Department of Electronics and Biomedical Engineering, Barcelona,
Spain
4
Institute for Bioengineering of Catalonia (IBEC), The Barcelona Institute of Science and
Technology (BIST), Barcelona, Spain
ABSTRACT
Electrical modeling of biological cells and particles in
impedance flow cytometry systems is challenging due to
the complex nature of the samples. In this paper we propose
to advance the fundamental understanding of impedance
measurements of individual cells or particles by
synthesizing liposomes with specific dielectric properties
such as size, membrane composition and core conductivity.
We measure the impedance response of the liposomes and
successfully correlate it to theoretical predictions,
showcasing the valuable insight this type of manufactured
sample can have in the advancement of the technology.

KEYWORDS
Impedance Flow Cytometry, Liposomes, Single
Particle Detection, Sensors, Microfluidics

INTRODUCTION
Impedance flow cytometry (IFC) relies on the analysis
of the dielectric properties of individual cells or particles
based on the changes in differential current as the cells pass
inbetween a set of microelectrodes as illustrated in
Figure 1a. Characterization of electrical impedance at
different frequencies provides insight into the properties of
the cells/particles and the suspending medium, making it
an effective tool for single cell analysis [1]–[3]. IFC has
found applications for single cell analysis of many different
cell types and has enjoyed many technical improvements
and developments in the last decades [4]–[6]. Cells and
especially cell membranes are complex systems with
considerable variation in composition. For example, the
cell envelope of bacteria differs based on both genotype
and phenotype even within the same strain or species [7].
This diversity creates significant challenges when
attempting to link particular impedance behaviours to
specific cell characteristics.
Because of this complexity, the advancement of IFC
requires a comprehensive understanding of precisely which
cell propeties can be probed and under which
circumstances. One way to tackle this problem of
complexity is to develop more sophisticated and
specialized theoretical models, however such models can
easily become too closely tied to specific use-cases to be of
general use. We propose a different approach. Instead of
tailoring the models to fit the biological samples, we want
to tailor the samples to fit a more general model.
In this paper we present our initial efforts at advancing
the fundamental understanding of the capabilities of IFC.

6.2. MANUSCRIPT

Our goal is to establish if custom-synthesized liposomes
with specific properties (e.g. size, membrane composition,
core content, etc.) can be used to gain deeper insight into
the IFC’s capacity to probe specific cell properties.
Liposomes are small vesicles with an amphiphatic
membrane composed of phospholipids (illustrated in
Figure 1b). They are spherical, typically ranging from 10
nm to a few µm in diameter and consist of an aqueous core
surrounded by one or more lipid bilayers. Liposomes can
be synthesized with exact control of properties like size,
membrane structure, core contents and lipid composition.
They are formed when phospholipids spontaneously
arrange to form closed spheres once hydrated. Liposomes
have found widespread popularity as nanocarriers for drug
delivery and a quick method for characterization of their
properties would be a useful tool in fields like
pharmaceutical production or biotech R&D. Furthermore,
liposomes are also used as models for cell systems, making
them promising candidates for advancing IFC.
The general electrical properties of a single membrane
liposome can be expressed using a simple equivalent
circuit model as shown in Figure 1c. Due to the insulating
nature of the lipid membrane it behaves as a capacitor
(Cmem). At low frequencies, this forces the current around
the liposome and through the exterior medium (represented
by Rext in the equivalent circuit). At higher frequencies, the
impedance of the membrane capacitor decreases and the
current can now flow through the liposome core (Rcore).
The liposomes used for experiments were synthesized
with diameters of 1 μm using two different lipids,
Dioleoylphosphatidylcholine (DOPC) and Dipalmitoylphosphatidylcholine (DPPC). DOPC & DPPC are
compositionally similar lipids with some key differences in
e.g. the phase transition temperatures [8]. Furthermore, the
lipids were synthesized with different core content in order
to control the core conductivity. One sample of liposomes
was synthesized with ultra pure water (UPW) in the core
and another with phosphate buffered saline (1xPBS) in the
core. The impedance response of the synthesized
liposomes was measured using IFC at two frequencies and
succesfully correlated to predictions made using Maxwell
Mixture Theory [9].
To our knowledge this is the first time that the
dielectric properties of single liposomes have been
measured in this way. We also believe that with increased
understanding, IFC could become a valuable technique for
fast characterization of liposomes in the future and
accelerate the use of liposomes in pharmaceutical R&D
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Figure 1: a) Illustration showing the basic principle behind impedance flow cytometry. A particle (e.g., a liposome)
transitions between two sets of electrodes sequentially (A-B then C-D) disturbing the electric field between them leading
to a characteristic Gaussian double peak in the time-dependent differential current. b) Liposome sketch showing the
basic structure of a liposome. c) Simple equivalent circuit illustrating the expected electrical behavior of a liposome.
and production processes.

METHODS
Theoretical modelling
We use Maxwell Mixture theory and the MaxwellGarnett mixing equation [10] to calculate the complex
impedance between a set of front facing microelectrodes
with dimensions 10´10´25 µm (height´width´length). We
calculate the impedance with a shelled-sphere (to
respresent the liposome) present between the electrodes
and without a particle present and find the differential
current (ie. the reciprocal impedance).
Table 1: Parameters (mean and standard deviation) used
for theoretical calculations
Parameter
Low frequency
High frequency
Media conductivity
Media permitivity
Bead diameter
Bead conductivity
Bead permitivty
Liposome diameter
Liposome interior
conductivities
Liposome interior
permitivity
Liposome membrane
conductivity
Liposome membrane
permitivity
Liposome membrane
thickness

Mean
366 kHz
6.94 MHz
90 mS/m
80
2 µm
4.8 mS/m
2.55
1 µm
5e-6 mS/m
1600 mS/m

SD

Ref

-

-

0.2 µm
0.2 µm

[11]
[12]
-

-

-

80

-

-

1e-7 mS/m

-

[13]

3.2

0.1

[14]

5 nm

0.5 nm

[14]

To introduce variation to the theoretical model, a
MATLAB-function calculating the impedance of a single
event is set up in a for-loop. The specific parameters used
to calculate the impedance of each event in the loop are
drawn from a normal distribution with the mean and
standard deviation found in Table 1. The impedance of
1000 events are calculated for each desired sample type
(beads, liposomes with 1 membrane, liposomes with 2
membranes, etc.), with each event having slightly varying
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parameters. In this way, we generate a population of events
with simulated variation.
The results are plotted as kernel density maps using
MATLAB’s ksdensity function (with normal kernel
smoothers and a bandwidth of 0.02´p) to simulate the noise
of the experimental measurements (e.g., white noise). For
easier comparison, the argument is shifted so that the
theoretical result calculated for the polystyrene beads lines
up with the experimentally obtained argument for the
polystyrene beads. This means that the theoretical
argument is shifted 0.9´p radians in the LF argument and
0.65´p radian in the HF argument. The difference in
argument between the experimental and theoretical
argument is caused by a frequency dependent phase shift in
the electronics of the prototype impedance flow cytometer.

Liposome synthesis
The lipids used for liposome synthesis were DOPC
and DPPC both suspended in chloroform and aquired from
Avanti Polar Lipids, Alabama, USA (product no. 850375C
and 850355C, respectively). Liposomes were synthesized
according to the manufacturers instructions [15]. 40 µl
stock solution was pipetted into a glass vial and the
chloroform was gently evaporated from the solution using
a nitrogen gun. 1 ml of either UPW (Ultra pure water,
Milli-Q®, Merck Millipore, Darmstadt, Germany) or
1xPBS (Phosphate Buffered Saline 1x, Sigma-Aldrich)
was added to synthesize the liposomes with the desired
core conductivity. The concentration of lipids in the
suspension was ~1mM. Liposomes were then synthesized
by extrusion using a mini-extruder (Avanti 610000 Extruder set with holder/heating block) and a
polycarbonate membrane with a 1.0 μm pore size (Avanti
610010 - PC membranes 1.0μm). For samples with DOPC
the resuspension and extrusion were done at room
temperature (~25ºC) while for the samples with DPPC both
resuspension and extrusion were done at 60ºC in order to
be above the phase transition temperature of the lipids. At
the end of the liposome synthesis we end up with 4
samples: DOPC liposomes with UPW inside, DOPC
liposomes with 1xPBS inside, DPPC liposomes with UPW
water inside and DPPC liposomes with 1xPBS inside.

Preparation of samples for IFC
To prepare the samples for IFC measurements it was
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necessary to reduce the concentration of the liposomes and
to match the conductivity of the exterior medium (outside
of the liposomes) across all samples. The target
conductivity of the exterior medium was ~90 mS/m. This
was achieved by diluting the solutions of synthesized
liposomes with 1xPBS and UPW. For the samples with
UPW inside, 30 µl of liposome solution was mixed with
150 µl 1xPBS and 2.82 ml UPW. For the sample with PBS
inside, 30 µl of liposome solution was mixed with 120 µl
1xPBS and 2.85 ml UPW. The final conductivities were
measured (PRIMO5, Hanna Instruments, UK) to be 89
mS/m and 88 mS/m for the UPW-filled liposomes and the
PBS-filled liposomes samples respectively.

IFC measurements
Impedance measurements were performed using an
impedance flow cytometer prototype from SBT
Instruments A/S (Herlev, Denmark). The prototype allows
for using two simultaneous frequencies; in this work we
used 366 kHz as the low frequency (LF) and 6.9 MHz as
the high frequency (HF). In addition to measurements on
liposomes, control measurements were performed on 2 μm
polystyrene beads (Polysciences Inc., PA, USA), also
suspended in 1/20xPBS (~90 mS/m conductivity) and
diluted to a concentration of ~1e6/ml from the stock
concentration.

Data treatment and visualization
The output from the impedance flow cytometer
prototype consists of four data streams containing the
recorded I/Q signal from the two frequencies (ie. a real and
imaginary part for each of the two frequencies). These data

streams are run through a custom software program
developed by SBT Instruments that identifies transition
peaks (seen in Figure 1c) in the recorded data and exports
the peak values to a CSV-file.The argument for each peak
value is calculated using MATLAB and the results are
plotted in density maps.

RESULTS & DISCUSSION
Figure 2 shows the obtained differential currents from
both the theoretical and experimental investigations. We
see the polystyrene beads (Figure 2a and 2f) in a closely
confined population and the liposomes with UPW in the
core placed in close vicinity (Figure 2b and 2c). This is
expected, since even at higher frequencies when the current
penetrates the lipid membrane the UPW core is still not
electrically conducting. However, when the conductivity in
the core of the liposomes is increased (Figure 2g and 2h)
we begin to see a dispersion of the population along the HF
axis, because the HF current penetrates the membrane and
travels through the high conductivity PBS in the core of the
liposome decreasing the impedance.
While the measurements of liposomes synthesized
with DOPC and DPPC (Figure 2b, 2c, 2g and 2h) are not
identical, no obvious difference is seen between the two
populations. This may be due to variation in other liposome
properties (such as size or number of membranes)
obscuring a minor difference caused by the difference
between the lipids. In fact, comparison between the
experimental (Figure 2g and 2h) and theoretical (Figure 2i)
results suggests that it is unlikely that the synthesized
liposomes are strictly single-walled. The theoretical
prediction for single-walled liposomes is different from the

Figure 2: Density plots showing the differential argument found for the low frequency (366 kHz) and high frequency
(6.9 MHz). The results are shown for experimental investigations (a, b, c, g, h) and theoretical calculations (d, e, f, i, j)
for the various samples of beads and liposomes.
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observed experimental results, however when extending
the theoretical model to include liposomes with extra
membranes (Figure 2j) the resulting differential argument
is much more in line with the experimental results.
We see several ways to mitigate this effect.
Improvements to the sensitivity of the IFC system could
allow for detection of smaller liposomes with a higher
chance of being single walled. Furthermore, increasing the
high frequency would allow for short-circuiting of multiple
membranes and thus improve the separation of the
response between liposomes with different core
condicivities, but limitations in the electronics
implementation of the flow cytometer prototype makes
testing this at frequencies above 8 MHz impossible at the
moment. On the other hand, extrusion is not the only
method for liposome synthesis. For example, methods for
synthesizing giant unilamellar vesicles [16] could
presumably be adapted to produce liposomes with single
membranes and diameters above 1 µm.

CONCLUSION
We have presented the first ever IFC measurements of
single liposomes purposefully synthesized to have specific
dielectric properties. We have shown that liposomes
synthesized with a diameter of 1 µm can be detected using
IFC and that, at the given frequencies, the difference in core
conductivity of the liposomes can be probed. We have also
shown that through carefull control of the synthesis of the
liposomes, it is possible to succesfully predict the response
using a theoretical model with the assumption that the
liposomes have multiple memebranes.
These initial investigations pave the way for a more
comprehensive understanding of naturally complex
biological entities and systems through characterization
with IFC and demonstrate the potential of IFC as a valuable
tool for single liposome characterization.
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6.3 Chapter summary
In this chapter, a short presentation of the work with liposomes made from two different
lipids has been given. Multiple liposome samples were synthesized with different medium
conductivities inside and outside of the lipid membrane and the impedance response of
each sample was measured. There was no obvious difference in the impedance response of
liposomes synthesised with different lipids, but there was a detectable difference in liposomes with ultra pure water inside, compared to liposomes with phosphate buffered saline
inside. By comparing the experimental results to theoretical calculations of the expected
impedance, we speculate that the liposomes are not unilamallar but instead multilamellar. The presence of the additional membranes shields the interior of the liposomes from
being probed effectively with IFC. Since multilamallar liposomes is a known artifact from
extrusion synthesis of liposomes, a different technique could be employed in the future to
control the number of membranes (e.g., microfluidic jetting).
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7 Viability Classification
The work presented in this chapter has resulted in two manuscripts (one published and
one submitted) that will be reprinted here in their full length after a short introduction
to the importance topic of viability classification with IFC.
The two paper presented are:
• Bertelsen, C. V., Franco, J. C., Skands, G. E., Dimaki, M., & Svendsen, W. E.
(2020). Investigating the Use of Impedance Flow Cytometry for Classifying the
Viability State of E. coli. Sensors, 20(21), 6339. Reproduced under open access
Creative Commons CC BY 4.0 license
• Bertelsen, C. V., Skands, G. E., Dimaki, M., & Svendsen, W. E. (2021). The
influence of exposure time in classification of heat-treated E. coli using impedance
flow cytometry. Submitted to ACS Sensors, May 2021. Reproduced with permission
from ACS Sensors, submitted for publication. Unpublished work copyright 2021,
American Chemical Society.
The experimental data in this chapter is obtained with both BactoBox v1 and v2, and with
flow cell designs F and Q. All data for the first paper presented (”Investigating the Use
of Impedance Flow Cytometry for Classifying the Viability State of E. coli”) is obtained
with BactoBox v1 and flow cell design F. This is also true for the extra experiments with
inactivation of Staphylococcus presented in section 7.4. The experiments with prolonged
heat exposure are carried out with BactoBox v2 and flow cell design Q. It was not a
deliberate choice to change the flow cell design and BactoBox, but rather a practical
necessity.

7.1 Introduction
Cell viability is obviously very important for risk analysis in production environments
such as in food production or pharmaceutical production. As discussed in section 2.2.3,
viability does not have a straight forward definition but is generally considered to be when
a bacteria looses its ability to duplicate and grow into larger colonies. In the following we
will use the term ”inactivated” to cells that have been shown not to grow on the surface
of appropriate nutritional medium under appropriate conditions. This definition can be
misleading in an actual production environment where some or even most of the bacteria
found could be dormant or otherwise viable but nonculturable. However, for the purposes
of the experiments on reference strains presented in this chapter, the definition is useful.
Traditional growth based quantification will by this definition only be able to identify
viable (ie. non-activated) bacteria. This means that even cells that retain some structure
but has undergone critical deterioration of key cell structures (mainly perforation of the
membrane) will not grow and will therefore not be counted using growth based methods.
However, in IFC even bacteria such as these will be counted if they retain enough structure
to give rise to a change in impedance during a transition. It is therefore crucial to be able
to understand if IFC, and specifically the implementation of IFC found in BactoBox, is
able to accurately distinguish a viable cell from an inactivated one.
115

In order to investigate this, we have performed inactivation experiments of E. coli using
heat, ethanol and autoclavation and measured the subsequent impedance response. We
have then compared that to the response of viable E. coli to determine if it is possible to
classify between them. This work forms the basis of the paper titled ”Investigating the
Use of Impedance Flow Cytometry for Classifying the Viability State of E. coli” presented
in the following pages. Furthermore, we have looked further into the heat inactivation of
E. coli and our findings are presented in the paper manuscript titled ”The influence of
exposure time in classification of heat-treated E. coli using impedance flow cytometry”.
This paper has not yet been published (May 2021), but has been submitted for review in
the journal ACS Sensors.
One important thing to be aware of is that the experimental results presented in the two
manuscripts were made with 2 different versions of the BactoBox (as discussed in the
beginning of chapter 3). The two versions are functionally the same, but many of the
components have been changed. This means that the differential argument has shifted for
all events. Fortunately, the relative position of the bacteria populations have not changed
in the plot.
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Abstract: Bacteria detection, counting and analysis is of great importance in several fields.
When viability plays a major role in decision making, the counting of colony-forming units grown on
agar plates remains the gold standard. However, because plate counts depend on the growth of the
bacteria, it is a slow procedure and only works with culturable species. Impedance flow cytometry
(IFC) is a promising technology for particle detection, counting and characterization. It relies on the
perturbation of an electric field by particles flowing through a microfluidic channel. The perturbation
is directly related to the electrical properties of the particles, and therefore provides information about
their composition and structure. In this work we investigate whether IFC can be used to differentiate
viable cells from inactivated cells. Our findings demonstrate that the specific viability state of the
bacteria has to be considered, but that with proper characterization thresholds, IFC can be used to
classify bacterial viability states. By using three different inactivation methods—ethanol, heat and
autoclavation—we have been able to show that the impedance response of Escherichia coli depends
on its viability state, but that the specific response depends on the inactivation method. With these
findings we expect to be able to optimize IFC for more reliable bacteria detection and counting in
the future.
Keywords: impedance spectroscopy; impedance flow cytometry; bacteria detection; bacteria
characterization; bacteria inactivation; lab-on-a-chip

1. Introduction
There is an increasing need for fast and accurate quantification of bacteria concentrations in multiple
fields such as environmental monitoring and hazard analysis in multiple industries, particularly the
food industry. The purpose of the quantification is to ensure that the total bacteria concentrations in the
production adhere to the regulations and guidelines set by national and international authorities and
to ensure safe and high-quality products. Monitoring happens by collecting samples of cleaning water
(e.g., CIP-water (clean-in-place) from production equipment) or by collecting samples from production
surfaces [1] (e.g., using a moist swab) and resuspending the collected bacteria in an appropriate buffer
liquid. The bacterial concentrations in the collected samples are then analyzed using plate counting [2].
This method is well established and reliable, but is notoriously slow and only shows the presence of
culturable bacteria [3]. Consequently, a need exists for a fast and reliable method for the quantification
of bacteria concentrations in samples that can complement or replace traditional plate counting.
In recent years, a number of alternative technologies for the quantification of bacteria concentrations
has emerged to overcome the limitations of traditional plate counting. Some examples are polymerase
chain reaction-based (such as real-time PCR or qPCR) or fluorescence-based techniques (such as
Sensors 2020, 20, 6339; doi:10.3390/s20216339

7.2. MANUSCRIPT - PAPER 1

www.mdpi.com/journal/sensors

117

Sensors 2020, 20, 6339

2 of 16

fluorescent-assisted cell sorting). However these methods are labor-intensive and require complicated
sample processing with expensive reagents [4]. Impedance Flow Cytometry (IFC) is an emerging
technology for single-cell analysis and particle enumeration [5]. This technology has shown its potential
for single-cell analysis in samples containing a wide range of cell types. It has been used to characterize
the electrical properties of Red Blood Cells (RBCs) [6], to analyze plant spores [7], to identify the
differentiation state of Mesenchymal Stem Cells (MSCs) [8], to characterize and classify tumor cells [9],
to study the effect of chemotherapy treatment on the cell membrane of HeLa cells [10], to monitor the
viability of yeast cells [11] and to analyze pollen samples [12]. Due to their small size, it can be difficult
to achieve sufficient signal-to-noise when measuring bacteria using IFC. Several suggestions have been
given on how to improve this [13–15]. The spectral response of E. coli has previously been studied
using impedance spectroscopy techniques [16,17], and while some research has gone into specifically
investigating the use of IFC to detect bacteria [18,19], assess the viability of Bacillus megaterium [20]
and to classify bacteria based on their species [21], a general characterization of bacteria using IFC
remains an underdeveloped research area.
In this paper we take a more general approach to the analysis of bacteria viability with IFC by
including general inactivation methods such as ethanol and autoclaving. To our knowledge this is also
the first time IFC has been used to study the viability of E. coli.
IFC has a number of advantages over competing methods for bacteria analysis, mainly that it
is label-free, non-invasive, sensitive and fast. A traditional plate count will underestimate the true
number of viable bacteria in non-laboratory cultures and environmental samples since it is not able
to detect the presence of unculturable species or bacteria that are intact and metabolically active
but unable to divide under ordinary conditions (viable but non-culturable bacteria) [22–25]. In IFC,
every particle or cell in the samples is counted and characterized no matter what the species is or
what viability state the bacteria is in. Consequently, IFC has the potential to provide a more accurate
measurement of the total bacteria count by including cells which would previously have been unseen.
However, using IFC as a replacement for traditional plate counting may also introduce new
technical challenges. When a bacterium is inactivated it loses its ability to divide and subsequently will
not generate a visible colony (colony-forming unit, CFU) on an agar plate. In this case, the cell could
retain enough of its cellular structure to still be counted using IFC and lead to a false positive detection
of inactivated cells. It is therefore imperative that the change in dielectric response of inactivated
bacteria is investigated and characterized, if IFC is going to emerge as a useful and reliable alternative
to plate counting.
Despite being frequently used, the term bacteria viability does not have a straightforward
definition [26]. A comprehensive definition of viability considers cell component integrity, metabolic
activity and ability to proliferate. However, in this article we will use viability (i.e., “a viable cell”) to
mean either a cell that shows an intact cellular structure (specifically the cell membrane) or is able to
give progeny on an appropriate agar and generate visible colonies. Similarly, we will use the term
“inactivated cell” to mean a cell that has undergone an inactivation process so that it no longer fulfills
the viability conditions described above. The inactivation agents used in this study are ethanol, heat
(at 90 ◦ C) and autoclaving. These methods are expected to act with rapid and nearly simultaneous
oxidation or denaturation of multiple targets, including the cytoplasmic membrane, proteins, ribosomes,
and/or DNA [26].
In this paper we use a prototype multi-frequency impedance flow cytometer developed by
the Danish company SBT Instruments A/S (Herlev, Denmark) to test the impedance response of
Escherichia coli (E. coli). We inactivate the E. coli cells using three different methods (ethanol, 90 ◦ C
heat or autoclaving) and compare it to the impedance response of untreated E. coli cells. We also
discuss the expected impact of the inactivation on the electrical properties of the bacteria. Furthermore,
we compare the experimental impedance measurements with CFU counts and fluorescence imaging to
determine whether the change in impedance response can be correlated to the cells’ ability to grow and
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the membrane integrity of the cells, respectively. Finally, we evaluate the sensitivity and specificity of
IFC as a tool for characterizing inactivated and viable cells.
2. Materials and Methods
2.1. Impedance Flow Cytometry
The working principle of impedance flow cytometry (which has also been described in detail
elsewhere [27–29]) is illustrated in Figure 1. An electrolyte with suspended particles and/or microorganisms
was injected through a microfluidic channel by a pump. A set of 4 microelectrodes were located on
the top and bottom (2 on the top and 2 on the bottom) of the microfluidic channel facing each other.
A multi-frequency alternating current (AC) voltage was applied to the two electrodes on the top of the
channel, giving rise to a current perpendicular to the direction of the flow, which was measured on the
two electrodes on the bottom of the channel. In our case, we used two frequencies—a low frequency
of 366 kHz and a high frequency of 6.9 MHz. When a particle or a bacterium passes between the
electrodes, it changes the dielectric properties of the space between the top and bottom electrodes and
causes a change in current. The difference in current between the two electrodes on the bottom of
the channel was measured giving rise to a characteristic double gaussian event as shown in Figure 1.
Each event was detected and analyzed in order to characterize the properties of each passing particle
or bacterium.
A more detailed description of the impedance flow cytometer and the event detection used in this
work can be found in the Section 1.1 of Supplementary Materials.
In order to understand the interaction between bacteria and the current flowing between the
electrodes, it is common to represent the electrical properties of cells as electrical components in an
equivalent circuit model (ECM) where the cell is modelled as a simple single-shelled particle [30] as
seen in Figure 2a. An equivalent circuit is a simplified circuit which retains the electrical characteristics
of the original physical system. The assumption in the ECM is that the complex permittivity and
conductivity of a physical system can be replaced by equivalent electrical components [31].
A simple ECM of a bacteria suspended in a liquid between two electrodes has components
representing the resistance and capacitance of the electrolyte (Rm , Cm ), the resistance and capacitance
of the cell membrane (Rmem , Cmem ) and the resistance of the cell interior (i.e., cytoplasm) (Rcyto ) [32].
Electrolyte resistance and capacitance are material properties that depend on the ionic strength of the
electrolyte, but also on the temperature of the solution.
Figure 2b shows the expected electric field penetration in polystyrene beads as well as in treated
and untreated bacteria. Polystyrene beads are often used as reference samples in IFC experiments and are
expected to be electrically isolating at both low and high frequencies [21]. For a viable bacterium, electrical
conductivity across the membrane is considered to be very low (i.e., high membrane resistance) [33].
Combined with a noticeably high membrane capacitance this means that the membrane offers a
significant barrier to current flow even at relatively high frequencies in the range of 100–500 kHz.
At higher frequencies, the membrane capacitance is effectively short-circuited allowing the electric
field to probe the interior of the cell as illustrated in Figure 2b.
In this work we investigate how changes in membrane structure due to inactivation affects the
electrical properties of the membrane and cell interior. During inactivation with either heat or ethanol
it is expected that the membrane properties will change significantly, which in turn will affect both the
effective membrane resistance and capacitance. Primarily, we expect that a disrupted membrane will
have a significantly lower resistance allowing current to flow through the cell at lower frequencies as
illustrated in Figure 2b.
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Figure 1. Detection principle. Schematic of 5 positions of a transitioning bacteria (1, 2, 3, 4, and 5) and
Figure 1. Detection principle. Schematic of 5 positions of a transitioning bacteria (1, 2, 3, 4, and 5) and
the corresponding differential current (∆I = IAB − ICD ). When a bacterium enters the detection area
the corresponding differential current (ΔI = IAB − ICD). When a bacterium enters the detection area
(position 1), the current between the two electrode sets is identical (IAB = ICD ), resulting in a differential
(position 1), the current between the two electrode sets is identical (IAB = ICD), resulting in a differential
current of zero. When the bacterium moves between electrodes A and B (position 2), the electric field
current of zero. When the bacterium moves between electrodes A and B (position 2), the electric field
is perturbed resulting in a non-zero differential current. When the bacterium is exactly between the
is perturbed resulting in a non-zero differential current. When the bacterium is exactly between the
electrode sets (position 3) the differential current is again zero. As the bacterium transitions between
electrode sets (position 3) the differential current is again zero. As the bacterium transitions between
electrodes C and D and further out of the detection area, the electric field is again perturbed giving rise
electrodes C and D and further out of the detection area, the electric field is again perturbed giving
to a differential current (position 4). At position 5, the differential current is again zero as the bacterium
rise to a differential current (position 4). At position 5, the differential current is again zero as the
exits the detection area.
bacterium exits the detection area.

In order to understand the interaction between bacteria and the current flowing between the
electrodes, it is common to represent the electrical properties of cells as electrical components in an
equivalent circuit model (ECM) where the cell is modelled as a simple single-shelled particle [30] as
seen in Figure 2a. An equivalent circuit is a simplified circuit which retains the electrical
characteristics of the original physical system. The assumption in the ECM is that the complex
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permittivity and conductivity of a physical system can be replaced by equivalent electrical
components [31].
A simple ECM of a bacteria suspended in a liquid between two electrodes has components
representing the resistance and capacitance of the electrolyte (Rm, Cm), the resistance and capacitance
of the cell membrane (Rmem, Cmem) and the resistance of the cell interior (i.e., cytoplasm) (Rcyto) [32].
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2.2. Experimental Procedure
Figure 2b shows the expected electric field penetration in polystyrene beads as well as in treated
We grew Escherichia coli cells in tryptic soy broth and inactivated them using ethanol, heat and
and untreated bacteria. Polystyrene beads are often used as reference samples in IFC experiments
autoclavation in three separate experiments. In each experiment, we performed IFC measurements, plate
and are expected to be electrically isolating at both low and high frequencies [21]. For a viable
counts and fluorescent microscopy on the inactivated sample as well as on an untreated control sample.
bacterium, electrical conductivity across the membrane is considered to be very low (i.e., high
A flow
diagram of the sample preparation can be found in the Section 1.2 of the Supplementary Materials.
membrane resistance) [33]. Combined with a noticeably high membrane capacitance this means that
the membrane offers a significant barrier to current flow even at relatively high frequencies in the
2.2.1. Preparing Bacteria Samples
range of 100–500 kHz. At higher frequencies, the membrane capacitance is effectively short-circuited
Escherichia
coli (Migula)
Castellani
and Chalmers
ATCC
8739 (Microbiologics
allowing
the electric
field to probe
the interior
of the cell
as illustrated
in Figure 2b. ® , Saint Paul, MN,
In this
work weon
investigate
howagar
changes
membrane
structure
due toMO,
inactivation
affects
the a
USA) was
inoculated
tryptic soy
(TSA,inSigma
Aldrich,
St. Louis,
USA) plates
using
electrical properties
of the
membrane
andthe
cellmanufacturer’s
interior. During instructions.
inactivation with
or incubated
ethanol
resuspended
lyophilized
pellet
following
Theeither
platesheat
were
it is expected
the stored
membrane
overnight
at 37 ◦that
C and
in theproperties
fridge. will change significantly, which in turn will affect both
theFor
effective
membrane resistance
and capacitance.
Primarily,
we expect
that of
a disrupted
membrane
each experiment,
a pre-culture
was prepared
by inoculating
10 mL
tryptic soy
broth (TSB,
will Aldrich)
have a significantly
lower
resistance
to flow
the cell
lower
Sigma
with a single
colony
picked allowing
from thecurrent
TSA plate.
Thethrough
pre-culture
wasatincubated
frequencies
illustrated
in Figureat2b.
overnight
in aasshaking
incubator
37 ◦ C and 200 RPM. The experimental culture was prepared
by inoculating 40 mL of fresh TSB with 40 µL from the pre-culture (1:1000 dilution) and incubated
2.2. Experimental Procedure
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plate counts and fluorescent microscopy on the inactivated sample as well as on an untreated control
2.2.2.
Bacteria
Inactivation
sample.
A flow
diagram of the sample preparation can be found in the Section 1.2 of the
Supplementary Materials.
For the ethanol inactivation, 40 mL of experimental culture was split into two vials (2 × 20 mL)
one for inactivation and one for control. The bacteria were harvested from each vial by centrifugation
at 10,000 rpm for 5 min (Multifuge X3, Thermofisher). The sample for inactivation was resuspended in
20 mL of a 70% ethanol solution (70% v/v, TechniSolv, VWR chemicals). After 5 min of exposure to
ethanol, the bacteria suspension was centrifuged at 10,000 rpm for 5 min and resuspended in fresh PBS
(Dulbecco’s Phosphate Buffered Saline, Sigma-Aldrich). To ensure no ethanol was remaining in the
solution, the bacteria suspension was centrifuged again at 10,000 RPM for 5 min and resuspended in
PBS. The control sample was resuspended in PBS instead of ethanol but was otherwise taken though
the same steps.
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For the heat inactivation, bacteria were harvested from the 40 mL exponentially growing
experimental culture by centrifugation at 10,000 rpm for 5 min and were subsequently resuspended in
40 mL fresh PBS. After that, 3 mL of resuspended bacteria were transferred to a glass vial. A block of
aluminum with drilled holes for sample vials was placed on a hot plate at 90 ◦ C. When the aluminum
block reached 90 ◦ C the sample vial was placed inside the block for 5 min and subsequently placed
on ice for 5 min to cool down. The viable control sample was placed on ice for 5 min after being
transferred to the glass vial and then kept at room temperature until further analysis.
For the autoclave inactivation, bacteria were harvested from the 40 mL exponentially growing
experimental culture by centrifugation at 10,000 rpm for 5 min and subsequently resuspended in 40-mL
fresh PBS. After this, 3 mL of resuspended bacteria were transferred to a 50 mL glass bottle. The bottle
was placed in the autoclave and a standard cycle of 25 min was run (125 ◦ C at 20 PSI). The control
samples were kept in the fridge for the duration of the inactivation process.
2.2.3. Impedance Protocol
Bacteria for the IFC measurements were harvested from the 40 mL exponentially growing
experimental culture by centrifugation at 10,000 rpm for 5 min and subsequently resuspended in 40-mL
fresh PBS. Subsequently, 30 µL of the bacteria sample were pipetted into a tube containing 3 mL of
1/20-diluted PBS (diluted with Milli-Q water), for a total reduction in concentration of 1/100.
The impedance measurements were carried out using a prototype impedance flow cytometer from
SBT Instruments A/S (Herlev, Denmark). All measurements were performed using two simultaneous
frequencies: 366 kHz and 6.9 MHz. Frequencies in this range have previously been shown to effectively
characterize bacteria and non-bacteria [21]. The AC voltage applied to the electrodes was 15.8 Vpp .
The total measuring time per sample was 5 min. The current response was recorded with a sample
rate of 23 kSa/s. An individual data stream was recorded simultaneously for the real and imaginary
parts of the complex current for both the low and the high frequency. When the measurements were
finished the data were transferred to a PC for further analysis.
A separate reference sample of polystyrene beads (1.5 µm, Polysciences, Inc., Warrington, USA)
was analyzed during each inactivation experiment. The beads were prepared by diluting the stock
solution of beads in 1/20-diluted PBS for a final concentration of ~1 × 106 beads/mL.
The concentration of cells (C) was calculated using the average transition time of the events (tevent ),
the dimensions of the detection volume on the microfluidic chip (w—width of the channel, h—height
of the channel, and l—distance from electrode edge to electrode edge), the total number of events
during a measurement (N) and the total measurement time (T). The following equation was used to
calculate the concentration:
Nkhtevent i
C=
,
(1)
whlT
with k being a dimensionless constant calculated numerically that compensates for the parabolic flow
profile in the microchannel.
A schematic overview of the experimental setup including the impedance flow cytometer can
be found in the Section 1.1 of the Supplementary Materials together with a short description of the
fabrication of the microfluidic chip and the event detection algorithms.
2.2.4. ROC Curves and Classification
In order to test the classification capabilities of the impedance flow cytometer we plotted receiver
operating characteristic curves (ROC curves) showing the false positive rate (FPR, equal to 1-selectivity)
and the true positive rate (TPR, equal to sensitivity) for varying thresholds. The sensitivity is defined
as the ratio between the number of true positive events and the number of total positive events, and the
selectivity is defined as the ratio between true negative events and the number of total negative events.
In this work we define positive events as describing an intact cell. The sensitivity is therefore understood
to be the ratio between the number of events characterized as viable bacteria in the untreated sample
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(true positives) and the total number of events in the untreated sample (total positives). Similarly,
the selectivity is understood to be the ratio between the number of events characterized as not viable
cells and the total number of events in the inactivated samples (or bead samples).
The curves were plotted using MATLAB. The threshold varied in steps from one extreme
(100% FPR and 100% TPR) to the other (0% FPR and 0% TPR) and the corresponding FPR and TPR
were calculated for each step. In our case, we chose the classification of a viable untreated bacterium as
a positive classification.
2.2.5. CFU Counting
After the inactivation procedure, the inactivated samples were diluted 10 times by transferring
100 µL of the bacterial suspension into a microcentrifuge tube containing 900 µL of PBS. The control
samples were further diluted by repeatedly vortexing and transferring 100 µL to the next tube until
reaching a 10−6 dilution. The undiluted and last dilutions from each sample (both inactivated and
control) were plated individually on separate TSA plates using an automatic pipette (Eppendorf
Xplorer, Eppendorf). In total, five evenly spaced droplets of 20 µL from each sample were dispensed
per plate [34]. After the drops on the agar dried, the plates were sealed with parafilm and incubated at
37 ◦ C overnight. Colonies were manually counted in droplets with 6 to 60 colonies. The five drops for
each dilution were considered to calculate the CFUs and the standard deviation for each initial sample.
2.2.6. Fluorescent Imaging
Undiluted bacteria suspensions were stained after the inactivation process using the LIVE/DEAD®
BacLight™ Bacterial Viability Kit (Thermo Fischer Scientific, Waltham, MA, USA. The principle of
the staining mix is based on the differential exclusion of the dyes according to membrane integrity.
Bacteria with intact membranes show only green fluorescence while bacteria with compromised or
disrupted membranes show green and red fluorescence.
A solution containing a 1:1 mixture of SYTO9 at 3.34 mM and propidium iodide at 20 mM was
prepared and 3 µL were added to 1 mL of bacteria suspension. After 15 min of incubation in complete
darkness, 5 µL of bacteria suspensions were deposited on top of a poly-L-Lysine-coated glass slide and
covered with a 1 × 1 cm2 cover slide. The fluorescent samples were observed under the epifluorescence
microscope (Heat and Ethanol: Axioplan 2, Zeiss; Autoclave: Olympus U-TV1X-2 + U-LH100HG)
using two filters—FITC for the visualization of green fluorescence and a TRITC for the visualization of
red fluorescence. Pictures were taken with the coupled camera (Heat and Ethanol: CoolSNAP-Procf
Color, Media Cybernetics; Autoclave: XC30, Olympus) and image processing was performed using Fiji
ImageJ [35] (see Section 1.3 of Supplementary Materials for further details). A different microscope
was used to capture images of the autoclaved sample due to repeated problems with a low intensity in
that particular sample.
3. Results
Three different inactivation experiments were carried out using inactivation treatments with
ethanol, heat and autoclavation, respectively. Shortly after each inactivation was completed, the untreated
and treated samples were analyzed using the impedance flow cytometer and the concentration and
electrical responses were obtained from the recorded data. The same samples were also analyzed
using plate counting to investigate viability and fluorescent microscopy in order to investigate
membrane integrity.
3.1. Concentrations of Bacteria Samples
Bacteria concentrations were studied after the inactivation treatment using drop plating and IFC
in parallel. The concentrations measured with drop plating and IFC for the untreated and treated
samples from the three inactivation experiments can be found in Table 1. The concentration of bacteria
in the untreated samples was roughly 108 CFU/mL in all three experiments. No standardization of the
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concentration (e.g., using optical density) was performed with the different untreated samples, which
could reduce the variation in future experiments. When compared to the counts per milliliter provided
by IFC, we see that IFC consistently measures lower concentrations. This difference is attributed to
a lack of calibration in the prototype impedance flow cytometer and has been observed before [21].
However, the standard deviation is significantly lower using IFC compared to the plate counts.
Table 1. Bacteria concentration (mL−1 ) for the treated and untreated samples calculated from drop
plating and impedance measurements.
Drop Plates
(CFU/mL × 106 )

IFC
(counts/mL × 106 )

Ethanol Experiment
Untreated
Treated

520 ± 165
0±0

243 ± 47
72 ± 8

Heat Experiment
Untreated
Treated

590 ± 110
0±0

384 ± 12
68 ± 3

Autoclave Experiment
Untreated
Treated

860 ± 152
0±0

434 ± 23
36 ± 10

No growth was detected in the inactivated samples on the agar plates (inactivation efficiency
of 100%). However, with IFC it was still possible to detect events after inactivation for all three
inactivation methods. This suggests that some of the inactivated cells retain enough cell integrity after
inactivation to be detected by the impedance system. In general, the lower concentration in the treated
samples can be attributed to complete cell disintegration during the inactivation. Such a process is
more likely to happen in E. coli when heat is applied, especially for a prolonged time, compared to cells
exposed to ethanol [36], which corresponds well with the reduction in cell counts that we see for the
three methods.
3.2. Characterization by Impedance
The measured argument and modulus of detected bacteria from each of the three inactivation
experiments are shown in Figure 3, together with the measured response of a reference sample of
polystyrene beads. It is evident that the beads and untreated bacteria populations, individually, appear
in the same position for each of the three experiments, demonstrating that the observed changes
in impedance response of the treated cells is related to the inactivation process and not the general
sample handling.
Figure 3 shows the differentiation of 1.5 µm beads, untreated E. coli and treated E. coli based
on the low- and high-frequency arguments. For the ethanol and autoclave inactivation experiment
we observed a significant shift between untreated and treated bacteria, except in different directions.
However, no such shift was observed in the heat inactivation experiment.
The measured argument from the ethanol inactivation experiment (Figure 3a), allows us to
distinguish a population for each sample with only minor overlap. The untreated bacteria and the
beads show a separation between sample populations experiencing the high frequency due to the
short-circuiting of the membrane capacitance, while the responses in the low-frequency condition are
more similar. The untreated population of cells shows a greater variation compared to the beads as
can be expected in biological samples. Comparing the ethanol-treated population to the untreated
population, we observe a shift primarily in the low-frequency argument. This corresponds well with
the expected response, where disruptions of the membrane lower the effective membrane resistivity
and allow the electric field to penetrate the cells even at lower frequencies.
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resistance to the current flow. However, at higher frequencies the capacitance of the lipid membrane is
short-circuited leading to cell walls that are more “transparent” and, due to the exchange of cytoplasm,
a smaller differential current.
3.3. Fluorescence Imaging
To check whether it is indeed a loss of membrane integrity that causes the changes in impedance
response, we investigated the bacteria using fluorescent staining.
Images of untreated and treated fluorescent bacteria and their corresponding membrane integrity
percentages are shown in Figure 4. As expected, untreated samples showed a high degree of membrane
integrity across all three experiments: 92.3% for ethanol, 98.7% for heat and 94.8% for autoclave.
The deviation from a 100% membrane integrity is expected to be due to a small percentage of
fast-growing cells with compromised membranes [37] or bacteria that were structurally damaged
during
Sensorssample
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how well it can characterize inactivated cells as inactivated. We therefore investigated the classification
of untreated and treated bacteria for each of the three inactivation methods and determined the optimal
classification threshold for each of them. We achieved this by using ROC curves as seen in Figure 5.
Based on the individual thresholds for each of the inactivation methods, we found two thresholds
that together return the best classification between untreated and treated bacteria across all samples.
The thresholds were set in the high-frequency argument since this yielded the overall best sensitivity
and selectivity. A similar analysis for the low-frequency argument can be found in the Section 2.1 of
Sensors
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A summary of the AUC, sensitivity and selectivity found for each optimal threshold can be
found in Table 2.
Table 2. AUC (Area under the curve), sensitivity and selectivity found using the optimal thresholds
for each of the inactivation experiments. AUC is a quality measure of the classification in general,
with 1 indicating perfect classification and 0.5 indicating random classification (poor quality). The
sensitivity indicates the methods ability to identify E. coli in the untreated sample as viable. The
selectivity indicates the methods ability to identify E. coli in the treated samples as not viable.

7.2. MANUSCRIPT - PAPERAUC
1
Ethanol
Heat
Autoclave

0.97
0.62
0.93

Threshold
2.22
1.78
0.63

Sensitivity
99.5%
60.7%
95.6%

Selectivity
96.7%
60.0%
88.8%

127

Sensors 2020, 20, 6339

12 of 16

Table 2. AUC (Area under the curve), sensitivity and selectivity found using the optimal thresholds for
each of the inactivation experiments. AUC is a quality measure of the classification in general, with 1
indicating perfect classification and 0.5 indicating random classification (poor quality). The sensitivity
indicates the methods ability to identify E. coli in the untreated sample as viable. The selectivity
indicates the methods ability to identify E. coli in the treated samples as not viable.

Ethanol
Heat
Autoclave

AUC

Threshold

Sensitivity

Selectivity

0.97
0.62
0.93

2.22
1.78
0.63

99.5%
60.7%
95.6%

96.7%
60.0%
88.8%
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Even so, if the reduction in cell count from cell disruption during inactivation is combined with
the improved threshold limits from the ROC analysis ( 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 1 −
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reduction in detected viable bacteria szs found to be 100% after ethanol treatment, 85% after heat
treatment and 99% after autoclavation (see Figure 6c).
Future experiments should focus on investigating the impedance response of the inactivated
bacteria at additional frequencies in order to optimize the sensitivity and selectivity of the system.
The full spectral sweep could be obtained
by measurements
using a chip with
interdigitated
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differentiation between intact and inactivated cells. This is, of course, of particular interest when
investigating the heat-inactivated samples, where improved sensitivity is crucial for the application
of the technology. Special focus should be put on trying to understand why the impedance response
of a heat-treated bacteria appears similar to untreated cells, even though they do not grow. It would
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Even so, if the reduction in cell count from cell disruption during inactivation
is combined with

C
the improved threshold limits from the ROC analysis (Reduction = 1 − C treated ), the total reduction in
untreated
detected viable bacteria szs found to be 100% after ethanol treatment, 85% after heat treatment and
99% after autoclavation (see Figure 6c).
Future experiments should focus on investigating the impedance response of the inactivated
bacteria at additional frequencies in order to optimize the sensitivity and selectivity of the system.
The full spectral sweep could be obtained by measurements using a chip with interdigitated electrodes
similar to what is carried out in [16] and determining the frequencies with the highest differentiation
between intact and inactivated cells. This is, of course, of particular interest when investigating the
heat-inactivated samples, where improved sensitivity is crucial for the application of the technology.
Special focus should be put on trying to understand why the impedance response of a heat-treated
bacteria appears similar to untreated cells, even though they do not grow. It would be interesting to
understand whether the number and/or size of the disruptions in the membrane play a role in this.
Additionally, it would be interesting to monitor the cellular degradation of the cells over time (1–24 h)
after inactivation with all three methods.
4. Discussion and Conclusions
In this paper we have shown how an impedance flow cytometer prototype can be used to detect
and characterize E. coli bacteria that have been inactivated with ethanol, heat and autoclaving.
We compared the bacteria counts from IFC with those obtained from plate counts for treated
and untreated bacteria and saw that the inactivation processes yielded zero CFU counts, but that the
impedance flow cytometer still detected cells regardless of the viability state showcasing the increased
sensitivity of the technology.
We have shown that the impedance response of bacteria changes significantly upon ethanol
inactivation. This observation reinforces the belief that ethanol inactivates without necessarily dissolving
the entire cell but strongly affecting the integrity of the membrane. By analyzing the impedance
response of the ethanol-treated cells we were able to classify the treated cells from untreated cells with a
selectivity of 99.6%.
Similarly, the impedance response of bacteria that remained after autoclaving also changed,
although differently from the ethanol-inactivated cells. Here the impedance change indicates a broken
cell membrane in combination with a replacement of cytoplasm with the surrounding electrolyte.
By analyzing the impedance response of the autoclaved treated cells, we were able to classify the
treated cells from untreated cells with a selectivity of 90.6%.
However, no significant differences were observed in the impedance response of heat-inactivated
cells. This suggests that no measurable changes occurred in the cell bacteria properties, or that the
system we used is not fully optimized to detect those changes. The selectivity towards treated cells
was only 18.0%.
Nevertheless, investigations with fluorescent dyes showed that the cell membrane was indeed
disrupted after inactivation with all three methods, proving that the structure of the cell membrane
changes during inactivation. These results demonstrate that IFC can be used to detect and characterize
the membrane integrity of E. coli bacteria, but with the current flow cytometer it is not possible for all
inactivation methods. However, further investigation using different frequencies could improve this.
The need for a fast and accurate quantification of bacteria concentrations in the food industry,
and other fields, is still commercially unfulfilled. This work has shown that IFC could be a promising
candidate to fulfil this need, as the technology shows potential in differentiating between bacteria
samples that are treated and untreated using a number of different inactivation methods.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/21/6339/s1,
Figure S1: (a) Schematic drawing of the impedance flow cytometer setup. A peristaltic pump continuously pumps
liquid from a sample tube through the detection flow cell. The multifrequency excitation signal is pre-amplified
before entering the flow cell. The measured current is differentially amplified in a trans-impedance amplifier (TIA)
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and the complex amplitudes from each frequency are isolated using a digital lock-in amplifier. All components are
integrated in the impedance flow cytometer. A PC is used to visualize and download the recorded data. (b) Image
of the impedance flow cytometer with a connected laptop. Insert shows the flow cell with the microfluidic chip
mounted in a plastic casing, Figure S2: Illustration showing the bacteria preparation. A single colony from an
agar plate is transferred to 40-mL tryptic soy broth (TSB) and incubated overnight in a shaking incubator at 37 ◦ C
and 200 RPM. To prepare the experimental culture, 40 µL is transferred to a fresh vial of 40-ml TSB and further
incubated for ~4 h, Figure S3: Illustration showing the sample preparation for the inactivation experiment with
ethanol, Figure S4: Illustration showing the sample preparation for the inactivation experiment with heat or
autoclave, Figure S5: ROC curves showing the performance of the classification based on a threshold in the LF
argument of treated and untreated E. coli for the ethanol, heat and autoclave experiments. The circles indicate
thresholds of 5.98, 3.65 and 3.32 for the three experiments, respectively. The same thresholds are visualized in a
categorical scatter plot showing the distribution of events in the LF argument for the untreated and treated E. coli
for each of the three inactivation experiments, Figure S6: ROC curves showing the performance of the classification
based on a threshold in the HF argument for three repetitions of the ethanol inactivation experiment. The circles
mark a threshold of 2.22 corresponding to the optimal threshold for classification of untreated and ethanol-treated
E. coli. The same threshold is also visualized in three categorical scatter plots showing the distribution of events in
the HF argument for the three repetitions of the ethanol inactivation experiment, Table S1: AUC (Area under
curve), Sensitivity (TPR) and Selectivity (1-FPR) found using the optimal thresholds for each of the inactivation
experiments. AUC is a quality measure of the classification in general with 1 indicating perfect classification and
0.5 indicating random classification (poor quality). The sensitivity indicates the methods ability to identify E. coli
in the untreated sample as viable. The selectivity indicates the methods ability to identify E. coli in the treated
samples as not viable, Table S2: Area under curve (AUC), sensitivity (TPR) and selectivity (1-FPR) found using
the optimal threshold for classification of untreated and ethanol-treated E. coli for each of the repetitions of the
ethanol inactivation experiments.
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ABSTRACT: An investigation into the effects of prolonged exposure to heat on the impedance response of E. coli bacteria is
presented. Theoretical predictions show that perforation of the bacteria membrane during heat exposure will change the impedance
of the bacterial cell from effectively less conducting than the suspension medium to effectively more conducting. Consequently, this
results in a shift in the differential argument of the electrical current that can be measured with impedance flow cytometry. This shift
is confirmed experimentally through measurements on samples with varying medium conductivity and heat exposure times. It was
seen that increased exposure time and lower medium conductivity resulted in better classification between untreated and heat-treated
E. coli. The best classification was achieved with a medium conductivity of 0.045 S/m after 30 minutes of heat exposure, demonstrating the potential of impedance flow cytometry as a fast method for differentiation between untreated and heat-treated bacterial
cells.

INTRODUCTION
Impedance flow cytometry (IFC) has seen significant interest
and investigation in the last 2 decades1–3 due to its potential for
label free characterization of biological cells and its simple process for fabrication of chips. In impedance flow cytometry, a
liquid containing particles or cells is continuously injected
flowing across a set of detection electrodes. The change in current during the passing of a particle is measured simultaneously
at multiple frequencies and, as a result, different parts of the cell
structure are probed.
The majority of IFC related work has focused on characterization of larger cells such as red blood cells, yeast and other eukaryotic cells4–9 . Less work has gone into investigating bacteria
and other smaller particles, likely because it is difficult to
achieve sufficient signal-to-noise ratios for smaller cells. Multiple studies have tried to suggest changes to the design and fabrication of the detection electrodes meant to improve the sensitivity of the technology 10–15. However, the bacteria studies that
have been done have focused on simple detection and differentiation from non-biological particles16–18, and on the assessment
of the viability of the bacteria19–21.
Previously, we have looked into the effect of three inactivation
methods on the IFC characterization of E. coli22. To do that, we
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inactivated the bacteria using ethanol, autoclaving and heat exposure (90oC). We then investigated the viability of the cells
before and after inactivation using three methods: plate counts
on agar plates, membrane integrity using a fluorescent viability
kit and impedance flow cytometry (using a prototype impedance flow cytometer from the Danish company SBT Instruments A/S). The plate counts confirmed the inactivation (i.e.,
no growth) for all three inactivation methods and the investigation with the fluorescent viability kit showed that the membranes of the bacterial cells were perforated after inactivation.
Surprisingly however, we found that the impedance response
was different after inactivation for the three inactivation methods. While cells inactivated with either ethanol or with autoclaving could be classified as such with a selectivity of 99.6%
and 90.9% compared to viable cells, cells inactivated by heat
(90oC) could only be classified with a selectivity of 18.0% compared to untreated cells. This left a fascinating unanswered
question about why heat inactivated bacteria, that show no
growth on appropriate agar plates and have perforated membranes, do not exhibit a significant change in impedance response.
In this paper, we describe our latest investigations of the impedance response of bacterial cells after heat inactivation. We attempt to clarify how the duration of the heat exposure affects
the IFC results. We investigate if prolonged exposure to heat (at
90oC) affects the ability of IFC to classify heat-treated cells
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Figure 1: Dielectric bacteria modelling. a) Sketch showing a microfluidic channel with two sets of front-facing micro-electrodes. A
bacterium represented as a sphere with diameter, d, and three concentric shells around it, is located between the first set of electrodes.
The shells represent the outer membrane, periplasmic space and inner membrane of the cell. b) Characteristic double gaussian event
that forms in the differential impedance (Z-Z0) when the bacterium transitions sequentially between the two electrodes sets.

from untreated cells, again using an impedance flow cytometry
prototype from SBT Instruments. We also examine what role
the conductivity of the suspension media plays in the effectiveness of the classification. We attempt to explain the observed
behavior using an analytical model based on Maxwell mixture
theory.

membrane acts as a capacitor that electrically shields the cell
interior at lower frequencies (typically <1MHz) but is short circuited at higher frequencies (>1MHz) making way for electrically probing of the membrane and cell interior26. This idea is
also the basis of several commercially available cell counters
based on the coulter counter principle27.

THEORY

Bacteria are not homogenous particles but are often represented
by more or less complex models of concentric shells (i.e., the
cell envelope) around a homogeneous interior (i.e., the cytoplasm of the cell). Since we are performing the IFC experiments
on samples with gram-negative E. coli bacteria, we have chosen
to represent the bacteria as a spherical model with three shells
representing the three layers found in the cell envelope structure
of gram-negative bacteria: the outer membrane, the periplasmic
space, and the inner membrane (or plasma membrane), as
shown in the inset of Figure 1a. The impedance chips used for
the experiments have two sets of front-facing micro-electrodes
as illustrated in Figure 1a. As the bacteria transitions through
the micro-channel and sequentially passes between the two sets
of electrodes, the corresponding differential impedance forms a

Impedance measurements of cells has been used for almost a
hundred years to study the viability of cells and cell cultures23.
The prevailing idea is that the inactivation method perforates
the lipid membrane of the cell, leading to a break-down of metabolic activity and an inability of the cell to maintain structure24,25.
This is especially true for eukaryotic cells, but also cells with
more rigid envelope structures are considered non-viable when
the lipid membrane is broken24. For a healthy cell, an intact
membrane acts as an insulating barrier surrounding the cytoplasm in the core of the cell. More specifically the insulating
a)
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Figure 2: Influence of relative conductivity. a) Sketch of the time dependent AC current (one frequency) on two electrode sets during the passage of
a particle/bacterium with a lower effective conductivity than the medium surrounding it (sbac < sm) and the reverse situation where the particle/bacterium has a higher effective conductivity compared to the medium (sbac > sm). b) Sketch of the 3 main proposed positions of particles/bacteria populations in a scatterplot with argument at low frequency on the x-axis and the argument of the high frequency on the y-axis. In position 1, the impedance
of the particles/bacteria are effectively higher than that of the surrounding medium at both low and high frequency (e.g. homogenous non-conducting
beads). In position 2, the impedance of the particles/bacteria in the high frequency is lower than that of the medium (e.g. bacteria cells with intact membranes if the high frequency is high enough to bypass the membrane capacitance. In position 3, the particles/bacteria are effectively more conducting
than the medium at both frequencies (e.g. cells with broken membranes). c) Analytical calculation based on MMT that shows the behavior of a bacteria
with fixed properties in a medium with increasing conductivity. The bacteria position follows the predicted positions as the media conductivity increases (i.e. as the bacteria moves from more conducting to less conducting than the medium).
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characteristic double Gaussian shown in Figure 1b. The peak
value of the transition corresponds to the situation where the
cell is between one of the electrode sets. In the following, we
will refer to the peak impedance between the first electrode set
(with the bacterium) as Z, and the impedance of the second electrode (without the bacterium) set as Z0.
We use Maxwell mixture theory to predict the impedance behavior of inactivated cells (i.e., cells with perforated membranes). To do this, we will use the complex permittivity that
depends on the relative permittivity (e), the conductivity (s) and
the angular frequency (w) in the following way
𝜀∗ = 𝜀 − 𝑗

𝜎
𝜔

(1)

For a non-homogeneous shelled sphere like the one used to represent the gram-negative bacterium, an effective complex per∗
mittivity (𝜀"##
) can be calculated that takes the combined electrical properties of the interior of the cell (𝜀$∗ ) and each of the
shells into account. This complex permittivity can be calculated
by first calculating the effective permittivity of the interior
sphere with one shell and then continually adding additional
shells starting from the innermost one.

∗
𝜀"##

(
𝑑,
𝜀∗ − 𝜀∗
2
0
)𝑑
- + 2 /𝜀 ∗$ + 2𝜀%&"''
∗
$
%&"''
,2 − 𝑑%&"''
=
(
𝑑,
𝜀∗ − 𝜀∗
2
0
)𝑑
- − /𝜀 ∗$ + 2𝜀%&"''
∗
$
%&"''
,2 − 𝑑%&"''

(2)

The effective permittivity of the bacteria suspended in the elec∗
trolyte medium (𝜀)$*
) is given by the Maxwell-Garnett mixing
equation
∗
∗
∗
∗
𝜀"##
− 𝜀)
𝜀)$*
− 𝜀)
=𝜙 ∗
∗
∗
∗
𝜀)$*
+ 2𝜀)
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∗
∗
𝜀)$*
= 𝜀)

⟹

∗
∗
𝜀"##
− 𝜀)
1 + 2𝜙 𝜀 ∗ + 2𝜀 ∗

)

"##

(3)

∗
𝜀 ∗ − 𝜀)
1 − 𝜀 ∗"##+ 2𝜀 ∗
)
"##

Where 𝜙 is the volume fraction occupied by the bacterial cell
∗
and (𝜀)$*
) is the complex permittivity of the medium.

The differential complex impedance of the entire system (∆𝑍 =
𝑍 − 𝑍+ ) can then be calculated using equation (4) and (5)
𝑍=

1
∗
𝑗𝜔𝜀)$*
𝑙𝜅

(4)

1
∗ 𝑙𝜅
𝑗𝜔𝜀)

(5)

𝑍+ =

With k being a correction factor for the non-uniformity of the
electric field at the electrode edges into account2,28 that depends
on the width of the electrodes in the direction of the flow and
the height of the detection channel, and l is the length of the
electrode perpendicular to the flow. Using Ohms law, the current (𝐼∗ ) and subsequently the differenttial current (∆𝐼∗ ) can be
calculated
𝐼∗ =

𝑈
𝑍∗

(6)

∆𝐼∗ = 𝐼∗ − 𝐼+∗

(7)

The differential modulus and argument can then be calculated
using
mod(∆I∗ ) = |∆I∗ | = @re(∆I∗ ), + im(∆I∗ ),

(8)

arg(∆I∗ ) = atan2(re(∆I∗ ), im(∆I∗ ))

(9)

The cell properties of the bacteria depend on factors such as
strain and growth conditions29. For modelling we use electrode
dimensions of 10 µm width and 25 µm in length and a channel
height of 10 µm identical to the dimension of the chip used for
experiments. The applied voltage (U) is 16 Vpp combined for
both frequencies and the bacteria diameter is 1 µm with the dielectric properties of the shells and interior found in Table 1.
Usually, IFC experiments are carried out using medium with
relatively high conductivity (e.g., 1xPBS at ~1.6 S/m) compared to the cells that are probed. This is overall a good strategy
since it usually leads to higher current and better signal-to-noise
ratio (i.e., peak-to-noise).
However, we conduct our experiments using phosphate buffered saline (PBS) diluted with ultrapure water (UPW) to lower
the conductivity of the PBS. While this does affect the peak-tonoise ratio, it also leads to a situation where the differential argument of the current depends heavily on whether the bacterium

Table 1: Dielectric properties and thickness of the three shells (outer membrane, periplasmic space, inner membrane) and the interior core (cytoplasm)
used for modeling of the bacterium. Dielectric properties from28

Outer membrane

Periplasmic space

Inner membrane

Cytoplasm

Media

Conductivity
(σ) [mS/m]

1e-1

3200

1e-6

220

40
80
160
800

Permittivity (ε)

12.1

60

5.5

108

80

Thickness [nm]

8

15

4

N/A

N/A
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•

•

•

Position 1: The cells/particles are effectively less
conducting than the medium at both low and high
frequency (|Z| > |Z+ |). This could be e.g., polystyrene beads.
Position 2: The cells/particles are effectively less
conducting than the medium at the low frequency
(|Z| > |Z+ |), but more conducting in the high frequency (|Z| < |Z+ |). This could be e.g., cells with intact cell membranes that are opaque at low frequencies but transparent at high frequencies
Position 3: The cells/particles are effectively more
conducting than the medium at both low and high
frequency (|Z| < |Z+ |). This could be e.g., cells with
broken membranes that allow current to run through
the more conducing cell interior, even at low frequencies.

Whether the bacteria are more or less conducting compared to
the surrounding media obviously depends on the conductivity
of the medium. In Figure 2c, the differential argument calculated using the model properties found in Table 1 is plotted with
increasing medium conductivity for the two frequencies used
for experiments (366 kHz and 6.9 MHz). As the medium conductivity increases, it is seen that the predicted differential argument passes through the 3 positions as the cells go from being
more conducting to less conducting than the medium.

σinner

σm = 0.08 S/m

0
σm = 0.16 S/m

σm = 0.8 S/m

σinner

-π

σouter

σouter

arg(Z-Z 0) at 366 kHz [rad]

b)

Membrane conductivities [S/m]
(σouter = σinner)

arg(Z-Z0) at 6.9 MHz

c)

σm = 0.04 S/m

σm = 0.08 S/m

σinner

For cell measurements, the two subtracted signals are not necessarily completely in-phase due to the capacitance of the system (primarily from the lipid membrane). Even so, when plotting the differential argument, the detected events are expected
to move between three general positions as indicated in Figure
2b:

σm = 0.04 S/m

0
σm = 0.16 S/m

σm = 0.8 S/m

-π

σinner

For bacteria measurements with IFC various conditions determine if this shift happens. For example, when changing the frequency from a low frequency where the membrane blocks the
current and the impedance is high, to a higher frequency where
the membrane is more transparent to the current, and the impedance is lowered (on the condition that the conductivity of the
cell interior is higher than that of the media). Additionally, the
phase shift will also occur at lower frequencies when the membrane of the cell is perforated, e.g., after inactivation. As the
membrane perforates, the effective impedance of the membrane
drops, and the cell interior is probed even at lower frequencies.

arg(Z-Z0) at 366 kHz

a)

d)

σouter

σouter

arg(Z-Z 0) at 6.9 MHz [rad]

increases or decreases the impedance of the system during a
transition. More specifically, the differential current shifts out
of phase if the cell changes from being effectively less conducting to effectively more conducting than the medium and vice
versa. If the original signals that are subtracted are in phase, the
resulting differential phase will shift from in-phase to out-ofphase when the amplitude of one of the signals changes from
larger to smaller than the other signal. This idea is illustrated in
Figure 2 for situations where the bacteria is less conducting than
the medium and more conducting than the medium.

Membrane conductivities [S/m]
(σouter = σinner)

Figure 3: Differential argument as a function of membrane conductivity. Color gradient map of the calculated differential argument
for increasing conductivity of the inner and outer membrane (sinner,
souter) at the experimental frequencies of (a) 366 kHz and (c) 6.9
MHz at 4 different medium conductivities (sm): 40 mS/m, 80 mS/m,
160 mS/m and 800 mS/m. b) and d) show the differential argument
at the diagonal line (sinner = souter) of the color gradient maps for each
of the conductivities.

In Figure 3 the differential phase as a function of inner and outer
membrane conductivity is plotted for the two experimental frequencies (366 kHz and 6.9 MHz) and changing medium conductivities (40 mS/m, 80 mS/m, 160 mS/m and 800 mS/m). We
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see that the conductivity of both membranes can increase multiple orders of magnitude before the shift occurs and that the
shift does not happen if the medium conductivity is higher than
the cytoplasm conductivity (here 220 mS/m). This tells us that
it is not just a matter of ‘if’ the membrane is perforated, but also
the degree of perforation and that a perforated membrane in itself is not enough to differentiate inactivated cells from intact
cells based on differential argument.

both the concentration of cells in the sample and the conductivity contribution from the growth media. The PBS was diluted
with UPW in the following ratios: 1/40, 1/20, 1/10 and 1/2. The
UPW is deionized, and the conductivity of the sample is therefore dependent on the dilution of the PBS. The conductivity of
the 4 samples was measured using a Primo5 conductivity meter
(HannaNorden AB, Sweden) to be 45 mS/m, 85 mS/m, 175
mS/m and 860 mS/m, respectively.

The analytical results lead to the following expectations for the
experimental results:

IFC measurements

•

•

•

•

•

A shift in the argument means that the membrane is
perforated enough, so that the effective conductivity
of the cell is higher than that of the surrounding media.
It is not necessary that both outer and inner membranes are perforated if the conductivity of the
periplasm is high enough, so the cell becomes effectively more conducting than the media surrounding
it.
The shift in argument is expected to happen “sooner”
(i.e., at lower membrane conductivities) when the
media conductivity is lower
If the argument does not shift, it means that the
membrane is not sufficiently perforated or that the
conductivity of the cell interior is lower than that of
the surrounding media
The shift in argument is expected to be more significant in the low frequency compared to the high frequency

The IFC measurements were carried out using an impedance
flow cytometer prototype from SBT Instruments A/S (Herlev,
Denmark). Each sample was measured using the IFC prototype
at two simultaneous frequencies of 366 kHz and 6.9 MHz. The
voltage applied to the electrode was 15 Vpp for all samples except for the samples in 1/2xPBS where it was reduced to 1.5 Vpp
to avoid clipping of the differential signal at the ADC. The clipping of the signal happens because of asymmetries in the detection electrode fabrication that causes the differential current between the electrode sets (Z and Z0) to be different from 0. As
the medium conductance is increased this non-zero current increases beyond the dynamic range of the ADC in the flow cytometer. To mitigate this the input voltage is reduced leading to
a reduction in peak height of the events. Because the argument
is calculated as the ratio of imaginary and real part of the signal,
a reduction in peak height does not affect it, but obviously the
moduli cannot be compared without some form of normalization.

METHODS

The raw IFC measurements were analyzed using a custom software program created by SBT Instruments. The results were
plotted as density plots (based on kernel density estimation)
showing the differential argument for low and high frequency.
Furthermore, ROC-curves were generated using MATLAB to
show how well the heat inactivated cells can be differentiated
from untreated cells.

Testing the effects of prolonged heat exposure

RESULTS & DISCUSSION

Preparation of heat inactivated samples were performed in order
to duplicate results from our previous work22. E. coli bacteria
(ATCC8739) were grown overnight in TSB (tryptic soy broth,
Sigma Aldrich) at 37oC and with 180 rpm shaking. 5 vials of 1
ml of the overnight culture were prepared in glass vials and 4 of
them were placed inside an aluminum heat block on a hotplate.
The hotplate was set to 90oC and the temperature of the block
was monitored using a thermometer submerged in an ultrapure
water (UPW) sample also placed in the heat block.

No cell growth was seen on any of the heat exposed samples
after 24 hours at 37oC, meaning that the E. coli are inactivated
after 5 min of exposure to 90oC.

One bacteria sample was placed directly on ice, while the subsequent 4 samples were removed from the heat block after 5,
10, 20 and 30 minutes and then placed on ice.
Drop plating (3 drops of 10 µl on tryptic soy agar) was used to
confirm the inactivation was successful, so that no cell growth
was observed after 24 hours in any of the heat-treated samples.
For IFC measurements, 3 µl of bacteria sample was transferred
into 3 ml (1/1000 dilution) of diluted PBS (Dulbecco’s Phosphate Buffered Saline, Sigma Aldrich). This is done to reduce

Impedance response of heat-treated E. coli
Figure 4 shows the measured differential argument of the impedance at 366 kHz and 6.9 MHz. The figure shows a grid of
plots, each plot based on a measurement with a specific heat
exposure time and medium conductivity. The exposure time increases with each row from leftmost (0 min, i.e., untreated) to
rightmost (30 min). Similarly, measurements with low conductivity medium (1/40xPBS) are found in the top row, with increasing conductivity for the rows below, ending at 1/2xPBS at
the bottom row.
The interplay between the exposure time, medium conductivity
and the movement of the measured population between the
three general positions is seen in Figure 4.
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HF argument [rad]
HF argument [rad]
HF argument [rad]
HF argument [rad]

LF argument [rad]

LF argument [rad]

LF argument [rad]

LF argument [rad]
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Figure 4: Density plots of experimental results. Density plots showing the results from individual measurements on samples with increasing heat
exposure times (0 min to 30 min in columns left to right) and medium conductivity (1/40xPBS to 1/2xPBS in rows top to bottom). Striped, red lines
indicate the median value of the LF and HF argument for each population.

When the surrounding media conductivity is low (i.e.,
1/40xPBS and 1/20xPBS), the differential argument shifts when
the heat exposure time increases and more of the cells shift from
position 2 towards position 3. This supports the idea that prolonged exposure to heat, further breaks down the cell membrane
and allows current to pass through the bacterium at the low frequency, effectively shifting the cell from being less conducting
to more conducting than the medium surrounding it.
It also supports the prediction that simple perforation is not
enough to shift the population, but that the effective conductivity of the membrane must change several orders of magnitude
before the shift happens (e.g. longer exposure causes larger or
additional ruptures in the membrane).
Remember that the bacteria cells in these sample do not grow,
so it is not a question of whether the additional perforation in-

activates the cell. The important point is that the perforation becomes more apparent in the impedance signal as the population
shifts more for increased exposure times.
As the media conductivity increases (1/10xPBS and 1/2xPBS),
the shift in differential argument is not apparent. For the sample
1/10xPBS, we see that some cells shift when going from untreated cells to heat inactivated cells, but most of the cells stay
in the same position. We only expect the relative impedance to
change if the conductivity of the cell interior is higher than that
of the medium and these results therefore indicate that the cytoplasm conductivity is at or below that of 1/10xPBS (~160
mS/m). This may be an underestimation, since exchange between cytoplasm and medium could occur as the membrane perforates artificially lowering the cytoplasm conductivity. However, if the cytoplasm was fully replaced by medium, we would
not expect to see a shift in population at the lower medium conductivities.
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Figure 5: Area under curve. AUC values as a function of exposure time for low and high frequency (366 kHz and 6.9 MHz). For each exposure time
the AUC for samples with conductivities of 1/40xPBS, 1/20xPBS, 1/10xPBS and 1/2xPBS is plotted. An AUC value of 0.5 indicates that classification
is not possible, while an AUC of 1 means perfect classification.

Classification of viable and inactivated bacteria
Differentiation between untreated and heat-treated cells is done
by generating ROC curves and calculating the area-under-curve
(AUC). A higher AUC is an indication of better classification
while an AUC of 0.5 means the classification is no better than
random. The calculated AUC based on the low and high frequency argument as a function of exposure time can be seen in
Figure 5. They show that the classification between heat-treated
and untreated E. coli improves as the exposure time is extended,
as well as for lower medium conductivities. The ROC curves
themselves can be seen in the supplementary material (figure
S1).
From Figure 5 we can see that the best classification between
untreated and heat-treated bacteria is achieved when classifying
based on the low frequency argument, for the bacteria that have
been exposed to the heat for 30 minutes (although the improvement from 10 minutes to 30 minutes is not very large) and are
suspended in the lowest conductivity medium (1/40xPBS). Under these conditions, a simultaneous sensitivity of 97.1% (ratio
of untreated bacteria correctly classified as such) and a selectivity of 99.1% (ratio of heat-treated bacteria correctly classified
as such) can be achieved. This is a noticeable improvement
compared to our previous work, where the optimal threshold
(found in the high frequency argument) only yielded a selectivity of 18.0%.

CONCLUSION
In this paper, we have presented our measurements on heat
treated E. coli bacteria using impedance flow cytometry. We
have shown that the bacteria can be classified based on whether
they are heat-treated or not, but that the performance of the classification depends on the duration of the heat exposure and the
conductivity of the medium. This is because the classification
relies on a shift in the differential argument of the bacteria that
occurs when the bacterial cell changes from being less conducting to more conducting than the medium surrounding it. We
found the best differentiation between untreated and heattreated E. coli when the sample was heat-treated for 30 minutes

and was suspended in a medium with a conductivity of 45 mS/m
(1/40xPBS).
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7.4 Additional experiments with Staphylococcus
An obvious question that arises after seeing the results from the inactivation experiments
with E. coli is whether these results can be generalized for all bacteria. Unfortunately it
has not been possible within the scope of this thesis to investigate the full extend of this
questions, but a few simple experiments have been performed that may shed a some light
on the matter.
The inactivation with ethanol and heat has been repeated on samples of Staphylococcus
epidermidis and the resulting scatter plot of the differential argument can be seen in figure
7.1. The experimental parameter are the same as the ones used for E. coli inactivation
here and we see that the behaviour during ethanol inactivation is very similar to what
was seen with E. coli. However, we did not experience the same issues differentiating
between viable and heat treated cells when using S. epidermidis instead of E. coli. This
may simply be because the S. epidermidis are mote heat-sensitive than the E. coli and
that the membrane perforates suﬀiciently for the shift in argument to happen after just 5
minutes of exposure. At any rate, further experimentation is needed in order to understand
the dynamic relationship between membrane perforation and heat exposure for different
bacteria species.

a)

b)

Figure 7.1: Differential argument measured on viable and inactivated Staphylococcusepidermidis together with polystyrene beads. a) Shows ethanol inactivated (5 min, 70%
ethanol) and b) shows heat inactivated (5 min, 90°C).

7.5 Using spheres or ellipsoids for modelling
In chapter 2, equations for calculating the effective complex permittivity of shelled particles was presented for both spherical (Equation 2.22) and ellipsoidal (Equation 2.23)
models. The E. coli used for inactivation experiments are rod-shaped and it is therefore
relevant to consider the differences predicted by the two models. In this section we will
compare the theoretical predictions of the three model configurations shown in figure 7.2,
a spherical three-shell model, a rod-shaped three-shell model oriented parallel to the flow
direction and a rod-shaped three-shell model with the main axis oriented perpendicular
to the flow direction. Cell dimensions are chosen so that the sphere and the ellipsoid has
approximately the same volume.
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Figure 7.2 (bottom) show the predicted differential modulus and argument of the current
for the three models. It is seen that the spherical model and the ellipsoid parallel with
the flow have similar responses in the lower frequencies but differ slightly in the high
frequency. However, as the ellipsoid is rotated so that it is perpendicular to the flow
direction the current changes significantly across the entire frequency range, notably also
in the differential argument. Intuitively, drag forces will orient the rod-shaped E. coli
parallel to the flow and the majority of events are therefore expected to follow the model
shown in figure 7.2b.
a)

b)

c)

a1

d

a1

a2

a2

Figure 7.2: Illustration of (a) a spherical three shell model, (b) a rod-shaped three-shell
model oriented parallel to the flow direction and (c) a rod-shaped three-shell model with the
main axis oriented perpendicular to the flow direction. Underneath the differential modulus
and argument calculated using either Equation 2.22 or Equation 2.23 is shown for each of the
three models. Vertical striped lines are placed at the two frequencies used for experiments
with BactoBox, 366 kHz and 6.9 MHz. The parameters used to calculate the differential
argument are: σm = 0.08 S/m, εm = 80, σi = 0.22 S/m, εi = 108, σouter = 1 × 10−4 S/m,
εouter = 12.1, douter = 8 nm, σperi = 3.2 S/m, εperi = 60, dperi = 15 nm , σinner =
×10−9 S/m, εinner = 5.5, dinner = 4 nm, dsphere = 0.8 µm, a1 = 2 µm, a2 = a3 = 0.5 µm.

In figure 7.3, the differential argument as a function of membrane conductivity is shown.
The results from the spherical model are the same that are presented in the manuscript of
the second paper (Figure 3, section 7.3) with the two ellipsoidal models shown next to it.
Again, the spherical and parallel ellipsoid model have similar predictions and it is worth
noting that the shift in differential argument happens around the same membrane conductivity. When the ellipsoid is perpendicular to the flow direction, the shift is smaller and it
happens roughly an order of magnitude lower in the membrane conductivity compared to
the two other models. Therefore, if the flow cytometer was designed in a way that forces
the bacteria to pass by the electrodes perpendicular to the flow direction it may improve
the classification between untreated and heat-treated bacteria.
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Ellipsoid

Ellipsoid

Parallel to flow

Perpendicular to flow

Membrane conductivities [S/m]
(σouter = σinner)

Membrane conductivities [S/m]
(σouter = σinner)

Membrane conductivities [S/m]
(σouter = σinner)
arg(Z-Z0) at 6.9 MHz [rad]

arg(Z-Z0) at 6.9 MHz [rad]

arg(Z-Z0) at 6.9 MHz [rad]

Membrane conductivities [S/m]
(σouter = σinner)

arg(Z-Z0) at 366 kHz [rad]

arg(Z-Z0) at 366 kHz [rad]

arg(Z-Z0) at 366 kHz [rad]

Spherical

Membrane conductivities [S/m]
(σouter = σinner)

Membrane conductivities [S/m]
(σouter = σinner)

Figure 7.3: Comparison of the shift in differential argument as the membrane conductivity increases calculated for a spherical, ellipsoid oriented parallel to the flow and ellipsoid
oriented perpendicular to the flow models. The same parameters as figure 7.2 are used,
except dsphere = 1 µm, a1 = 3 µm, a2 = a3 = 0.58 µm.

Finally we will briefly consider the rotational effects caused by the induced polarization of
the bacteria during a transition. As a rule of thumb, an ellipsoidal particle will orient itself
with the direction of the electric field along the axis with the smallest Clausius-Mossotti
factor (Equation 2.17) [81]. For the rod-shaped bacteria this means that the long axis
will orient along the electric field. In practice, this means that while the bacteria may
enter the detection area parallel to the flow, the influence of the electric field will induce
a rotation of the cell towards a more perpendicular position (ie. the bacteria is rotating
during the transition). This effect has not been investigated further during this project,
but it would be a very interesting phenomena to investigate in future experiments to see
if it is prominent at the flow rates and field strengths used in BactoBox.

7.6 Chapter summary
In this chapter we have looked at two papers that both investigate the influence of inactivation of E. coli using different methods. The first paper presented the results of experiments
with 3 different inactivation methods, ethanol, autoclavation, and heat exposure at 90°C.
After inactivation the cells were investigated using traditional plate counts, a fluorescent
assay that probe the membrane integrity and with impedance flow cytometry. We saw
that after inactivation with each of the three methods, the E. coli did not grow and the
membrane was perforated. Even so, we saw 3 different impedance responses depending
on which inactivation method was used. This led to the conclusion that it is not just a
matter of if the bacteria are inactivated but also how, and it showed that impedance flow
cytometry can reveal additional information about bacterial cells after inactivation compared to the two other methods. We also investigated whether the inactivated bacteria
could be distinguished from untreated cells and found that cells inactivated with ethanol
or with autoclaving could be classified as inactivated with a selectivity of 99.6% and 90.9%
7.6. CHAPTER SUMMARY
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compared to viable cells. However, cells inactivated with heat could only be classified with
a selectivity of 18.0% compared to untreated cells. This led to the work presented in the
draft for the second manuscript, where we investigate the heat-inactivation of E. coli further. Here we found that extended exposure to the heat resulted in better classification
between untreated and heat-treated E. coli based on the differential argument. We also
found that lowering the conductivity of the suspension medium improved the classification. This is because the differential shifts as the bacteria turn from being effectively less
conducting than the medium surrounding it, to more effectively more conducting (i.e.,
as the membrane perforates more during the extended exposure to heat). This is the
same idea that is presented in section 5.2. We then looked at two IFC measurements
made for ethanol and heat inactivation of Staphylococcus epidermidis and we saw that the
impedance behaviour for the ethanol inactivated was similar to that of E. coli, but for the
heat inactivation it was not. These simple experiments show that the results obtained for
E. coli can not necessarily be generalized for all bacteria species. Finally, the influence of
the shape and orientation of the bacterial cells on the theoretical models was discussed.
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8 Antibiotic susceptibility testing using
IFC
The work presented here was conducted and carried out in collaboration with two students
(Arshwinth Arulmurugananthavadivel & Savannah Rosa Bruun Frederiksen) as part of
their bachelor projects. Arshwinth’s project was titled ”Impedance flow cytometry for antibiotic susceptibility testing” and carried out in the spring of 2020. Savannah’s project was
titled ”Probing the antibiotic susceptibility of Pseudomonas aeruginosa using impedance
flow cytometry” and carried out in the fall and winter of 2020.
All the experimental data presented in this chapter is obtained with a BactoBox v2 and
flow cell design Q.

8.1 Introduction and motivation
In the last 50 years, Antimicrobial resistance (AMR) has grown as a global threat and
today the World Health Organisation (WHO) acknowledges antimicrobial resistance as
one of the biggest dangers to human health and development [82]. Resistance to common
antibiotics has been observed in most major pathogens and by 2050 AMR is predicted to
be responsible for 10 million deaths every year [83].
Since the discovery of penicillin in the late 1920s, antibiotics have proved to be an invaluable tool in treating many different bacterial infections. Unfortunately, unlike most
other drugs, antibiotics lose their effectiveness over time as bacteria develop new resistance mechanisms meaning that the number of drugs available treatment of infections
shrink every year. Furthermore, the increasing level of AMR means that physicians must
administer increasingly higher doses in order to effectively combat infections. This, in
turn, leads to overuse of antibiotics and eventually to even higher AMR levels in bacteria. Besides overuse and misuse of existing antibiotics, the antibiotic resistance crisis is
accelerated by a lack of developments of new drugs [84].
One reason for the overuse of antibiotics and the lack of development of new, more effective,
antibiotics is the lack of eﬀicient tools for fast screening of the eﬀicacy of specific antibiotics
on specific infections. Antibiotic susceptibility testing (AST) primarily relies on tried and
tested methods based on either genotypic test, such as screening for the presence of specific
resistance genes, or phenotypic tests based on well-known growth-based methods such as
broth dilutions and disk diffusion assays. Phenotypic tests are the most common, where
the goal of the test is to establish the lowest concentration of an antibiotic capable of visibly
inhibiting the growth of a particular bacteria. This concentration is called the minimum
inhibitory concentration (MIC) and typically requires incubation time of 24 hours or more
[85]. Another, less common parameter used to quantify antibiotic susceptibility is the
minimum bactericidal concentration (MBC) which is the minimum concentration of an
antibiotic necessary to inactivate the entire population of bacteria, not just inhibit the
growth. The MBC is therefore by definition equal to or higher than the MIC.
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Of particular concern are multidrug-resistant (MDR) and extremely drug-resistant (XDR)
bacteria strains. Pseudomonas aeruginosa is a rod-shaped, gram-negative bacteria that
causes infections multiple places in the human body, often in the respiratory system [86].
For example, P. aeruginosa is the key bacterial agent of cystic fibrosis, a life threatening
disease with no known cure, where thick mucus clogs up the lungs causing severe damage
to the respiratory system. P. aeruginosa is one of the first pathogens seen to exhibit
both MDR and XDR and is therefore often used as a model organism when studying
AMR. Until recently, it was believed that P. aeruginosa had developed resistance to all
classes of anti-pseudomonal agents except polymyxins (also known by the commercial
name Colistin) [87]. Colistin is a last-resort antibiotic that is effective against most gramnegative bacteria. It works by disrupting the bacterial cell membrane leading to cell death,
a process that involves electrostatic attraction of the antibiotic to the outer membrane of
the bacteria. It is only used as a last-resort treatment because of severe nephrotoxic and
neurotoxic effects [88, 89]. Similar to other inactivation methods that disrupt the cell
membrane in some way, the cell membrane disruption caused by Colistin is expected to
be detectable using IFC. Recently, strains of P. aeruginosa with Colistin-resistance have
been found [90] further complicating the treatment of infections. P. aeruginosa’ resistance
against colistin is related to a change in the surface charge of the bacteria [91, 92] and is
therefore likely to affect the impedance response of the cell.

8.1.1

Purpose and goals

We are interested in experimentally investigating two situations where IFC could be used
to improve the work flow of antimicrobial susceptibility testing. First of all, we want to test
if inactivation of bacteria susceptible to colistin will change their impedance behaviour due
to perforation of the cell membrane. Experimentally, we will investigate this for both E.
coli and P. aeruginosa. We are also interested in exploring if a correlation exists between
the impedance response, the concentration of the antibiotic and the AMR of the bacteria.
If this is possible, it could reduce the time needed for AST of colistin from days to minutes.
Secondly, we want to test if AMR caused by changes in the surface charge of P. aeruginosa
can be probed with IFC before exposure to any antibiotics.

8.2

Theoretical modelling of surface charge

Colistin (also known as polymyxin E) is a polypeptide with antimicrobial properties. Colistin disrupts the outer membrane in gram-negative bacteria by binding electrostatically
to the negatively charged lipopolysaccharides (LPS), specifically to lipid A. This binding
replaces otherwise stabilizing cations in the membrane and allows colistin to enter the
cell and perforate both the outer and inner membrane of the cell as illustrated in figure
8.1. Colistin is not effective against gram-positive bacteria species, since the thick outer
peptidoglycan layer prevents colistin from interacting with the lipid membrane.
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Figure 8.1: Illustration showing the antimicrobial mechanism of colistin. Colistin disrupts
the outer and inner membrane in gram-negative bacteria leading to a perforated cell envelope. Created with Biorender.com.

The resistance mechanism of P. aeruginosa against colistin involves a change in the net
charge of the outer membrane as illustrated in figure 8.2a. The change in charge is caused
by a chromosomal mutation leading to either the loss of LPS or modification of the LPS
through the addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to the phosphate groups
of the LPS lipid A region (figure 8.2b). The change in charge reduces the possibility of
colistin attaching to the membrane and thus lowers its effectiveness as an antimicrobial
agent.

Figure 8.2: a) The change in the surface charge repels colistin molecules and increases the
AMR of the cell. Created with Biorender.com. b) Illustration of the chemical structure of
lipid A with and without L-Ara4N modification (adapted from [93]).

Experimentally we are interested in investigating two relevant scenarios. First of all, we
want to test if we can detect the cell perforation caused by exposure to colistin. Secondly,
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we want to see if we can detect changes in the surface charge of resistant bacteria before
exposure to any antibiotic.
The impedance changes caused by the perforation of the membrane of bacteria without
significant resistance is expected to be similar to other inactivation methods that disrupt
the membrane (see chapter 7). Consider the ECM shown in figure 8.3a. As colistin
perforates the membrane, the resistance across the membrane (Rmem ) lowers and the
current is able to run through the cytoplasm (Rcyto ). The change in membrane resistance
is dependent on the degree of perforation and therefore on the AMR of the bacteria and
exposure conditions (time, concentration, etc.). Depending on experimental conditions,
the cytoplasm may also mix with the external medium changing the resistance inside the
cell (Rcyto ).
It is not straight-forward how changes in the surface charge will affect the impedance response of a bacteria. Biological membranes are hugely complicated and well worth studying in detail, but to keep things relatively simple, we are going to limit our considerations
to 2 effects:
1. How changes in the surface charge affect the intrinsic capacitance of the outer membrane?
2. How will the capacitance of the electric double layer surrounding the bacteria change
if the surface charge changes?
Figure 8.3b shows how a bacteria with a changing surface charge could be modelled.

Figure 8.3: Equivalent circuit models used to evaluate changes in impedance due to colistin
exposure. a) Circuit with media resistance (Rm ) in parallel connection with a bacteria
represented by a membrane (Rmem , Cmem ) and cytoplasm (Rcyto ). As the membrane
perforates the resistance across the membrane is expected to drop. b) Circuit with media
resistance (Rm ) in parallel connection with a bacteria. Two separate capacitors in series
represent the diffuse ion layer (CDL ) and polarised membrane capacitance (Cmem ).
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Changing the surface charge will change the capacitance (the ability to store charge) of
the membrane (ie. its ability to store charge) by changing the natural polarisation of the
membrane. As a result, the membrane capacitor will be charged even in the absence of
an applied voltage. This is illustrated in the ECM in figure 8.3b as a polarised capacitor.
In reality this may be a redundant addition to the ECM since most biological membranes
are naturally polarised due to asymmetries in lipid composition or due to the curvature
of the membrane creating differences in charge density on the inside and outside of the
membrane. In fact, trans membrane potential is known to play an important role in
fundamental cellular functions such as ATP synthesis [94]. Furthermore, depending on
the phase state of the lipid membrane various degrees of electrostriction can occur, where
the electrostatic attraction between the the two surfaces of the membrane will compress
the membrane [95]. Currently, I am not aware of a model that can predict the change in
membrane capacitance based on the pre-polaristion of the membrane, and we will have to
see if a difference can be detected experimentally.
Also added to the ECM in figure 8.3b is an additional capacitor on the outside of the
membrane capacitor. This capacitor is meant to represent the capacitance created by the
diffuse surface layer (DSL) of ions surrounding the bacteria. As previously discussed in
relation to the detection electrodes (section 2.3.2), when a charged surface is submerged in
an electrolyte an electrical double layer (EDL) will form at the interface. This phenomena
also occurs on the surface of charged colloids in suspension and therefore also for bacteria
with charged surfaces. For metal electrodes submerged in an electrolyte, the EDL can be
modelled by three sub-layers, the inner Helmholtz plane, the outer Helmholtz plane and
a diffuse layer of ions (see section 2.3.2). While the electrode-electrolyte interface is fairly
well defined the same cannot be said for the interface between the outer membrane and
the suspension medium. It is diﬀicult to imagine how the formation of a heterogeneous
inner and outer Helmholtz layers across the surface of the bacteria would occur and no
clear consensus exists as to how these layers would look. The diffuse layer, however, will
be present around the bacteria forming what we will refer to as the diffuse surface layer
(DSL) and is what forms the basis of e.g. the electrophoretic mobility of bacteria. Figure
8.3b presents a suggestion for an ECM for a bacteria with a polarised membrane and
an electric double layer capacitance on the outside of the membrane stemming from the
surface charge.
A term often used in relation to the surface charge of bacteria is the zeta potential.
Imagine a boundary inside the diffuse ion layer where the ions are connected tightly
enough to the particle or bacteria, so that when the particle moves, the ions move with
it. Outside the boundary the ion are left behind when the particle moves. The zetapotential is the electrostatic potential at this imaginary ”slipping plane” within the diffuse
layer. It is easy to measure experimentally although care must be taken to control the
experimental parameters when doing so [96]. While the zeta potential is not equal to
the surface potential we will use it as an approximation of the surface potential and
subsequently the surface charge. Soon et al. [97] measure the zeta potential of colistinsusceptible and colistin-resistant Acinetobacter baumannii and find that wild-type cells
exhibit a greater negative charge (-60.5 to -26.2 mV) than the colistin-resistant cells (-49.2
to -19.1 mV). Meanwhile, Shepard et al. [98] report the zeta potential of Pseudomonas
aeruginosa PAO1 to range from around -25 mV to +15 mV depending on the growth
8.2. THEORETICAL MODELLING OF SURFACE CHARGE

149

conditions and growth medium. Lima et al. [99] have also measured the zeta potential
for Pseudomonas aeruginosa and report values around -15 mV. The zeta potential for E.
coli and S. aureus has been measured by Halder et al. [100] and were found to be −44.2
and −35.6 mV, respectively. They also observed a 50 % increase in zeta potential when
treating the samples with polymyxin B.

8.2.1

Evaluation of the surface double layer capacitance

Using Eq. 2.27 and Eq. 2.28 from chapter 2 we can try to calculate the capacitance of the
diffuse surface layer (DSL). Figure 8.4a shows the calculated capacitance of the DSL as a
function of surface potential at different media conductivities. The ionic strength of the
media affects the Debye length, which is shown in 8.4b (1xPBS has a ionic strength of ~160
mM [55]). We see that changing the surface potential from -100 mV to 0 mV in 1xPBS,
changes the DSL capacitance from ~10 pF to ~3 pF (less than an order of magnitude).
Similarly, for the other medium conductivity the relative change in DSL capacitance is
low.

Figure 8.4: a) Diffuse surface layer capacitance as a function of surface potential calculated
using Eq. 2.28 for media conductivities of 1/100xPBS, 1/20xPBS, 1/10xPBS, 1/2xPBS and
1xPBS. b) Debye length as a function of the ionic strength of the medium Eq. 2.27. The
parameters used for the calculation can be found in table 8.1.

Figure 8.5 shows the differential impedance response as a function of DSL capacitance
calculated based on the ECM shown in figure 8.3b and component values calculated using
the equations derived by Morgan et al. (presented on page 35) using the parameters found
in table 8.1. The plot shows the expected differential impedance at 366 kHz and 6.9 MHz
(the values used for experimental measurements). At 366 kHz both the modulus and argument of the differential impedance only changes very slightly with the DSL capacitance. In
the high frequency we see a significant shift in both modulus and argument when the DSL
capacitance drops below approximately 10−15 (1 fF). This is however a couple of orders of
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Table 8.1: Parameters used to calculate the differential impedance response of a microfluidic channel with a bacteria (represented as a sphere with one shell). Values from [101].

Paramter
Temperature
Cell diameter
Medium permitivity
Electrode width
Electrode length
Channel height
Cytoplasm conductivity
Cytoplasm permitivity
Membrane thickness
Membrane permitivity
Valence of ions in PBS

Value
298 K
1 µm
80
10 µm
25 µm
10 µm
0.5 S/m
50
10 nm
8
1

magnitude lower than the expected DSL capacitance and we can therefore not expect to
see differences in the measured impedance from the predicted differences in surface charge
shown in figure 8.4a.

Figure 8.5: Calculated impedance response as a function of diffuse surface layer capacitance.

8.3 Experimental methods
8.3.1 Bacteria strains
For experiments, three bacteria strains were used: one E. coli strain and two Pseudomonas
aeruginosa strains. The E. coli strain (Escherichia coli (Migula) Castellani and Chalmers
ATCC8739) is colistin susceptible. The MIC of colistin for treatment of E. coli reported
to be around 1 µg/ml [102]. The two P. aeruginosa strains used were a wild-type strain
susceptible to colistin designated PAO1 and a colistin resistant strain designated Q5. Q5
is PAO1 with five additional mutations introduced to the chromosome that add resistance
to colistin. The resistance is provided through mutations in the genes pmrB, opr86, lpxC,
PA5194 and PA5005 [90]. The reported MIC of colistin for the P. aeruginosa strains were
1 µg/ml and 512 µg/ml for PAO1 and Q5, respectively Both P. aeruginosa strains were
acquired from Copenhagen University, courtesy of postdoc Vinoth Wigneswaran.
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8.3.2

Colistin treatment and IFC measurements of E. coli

Experiments with E. coli were carried out in the spring 2020. Due to COVID19 the
labs at the university were closed and the experiments were instead carried out at SBT
Instruments’ labs. The choice of materials and methods are therefore different from what
was later used for P. aeruginosa analysis.
E. coli bacteria (ATCC8739) was incubated overnight at 37°C on a tryptic soy agar (TSA)
plate. On the day of the experiments, 5 colonies were collected from the plate using a
culture loop and gently re-suspended in 20 ml of 1/20xPBS giving a concentration around
100e6/ml. To confirm the concentration, 30 µl of sample was diluted into 3 ml of 1/20xPBS
(1/100 dilution) and measured with BactoBox with a target concentration of 1e6/ml. If
the concentration was too low, an additional colony was collected from the plate and added
to the sample. If it was too high, the sample was further diluted with 1/20xPBS. Colistin
concentrations were prepared by dissolving colistin sulfate (Sigma Aldrich, C2700000 )
in ultra-pure water for a stock concentration of 1 mg/ml. A serial dilution of colistin
from 80 µg/ml to 1.25 µg/ml with each step in the dilution halving the concentration was
then prepared (total of 8 concentration including 0 µg/ml as seen in figure 8.6). 0.5 ml
of bacteria sample (at ~100e6 cells/ml) was added to each colistin concentration (halving
the colistin concentration in each vial) and the samples were left for 3 hours at room
temperature. Then, 30 µl from each sample was transferred to 3 ml of 1/20xPBS and
measured using BactoBox. The remaining 970 µl was plated on petrifilm (3M Petrifilm™)
and left in an incubator at 37°C for 48 hours.
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Figure 8.6: Schematic showing the treatment of E. coli with colistin at concentrations.
First, samples of decreasing colistin concentrations are created via serial dilution, each step
halves the concentration. Then 0.5 ml E. coli at ~100e6 cells/ml, are added to each vial
and left for 3 hours. Finally the treated E. coli samples are split for plating on Petrifilm
and for IFC measurements. Created using Biorender.com.

Impedance measurements were carried out with BactoBox at two frequencies (366 kHz
and 6.9 MHz) with a total measurement time for each sample of 60 seconds.
MIC determination of susceptible and resistant P. aeruginosa strains
MIC determination for P. aeruginosa was done via micro broth dilution (MBD) in microtiter plates for both the PAO1 strain (susceptible) and the Q5 strain (resistant). Wells
were prepared with 50 µl of LB agar with concentrations of colistin ranging from 1048
to 1 in each together with a well for growth control and contamination control of 100
µl each. To prepare the bacteria, 100 µl of liquid overnight culture was reinoculated in
10 ml LB for both PAO1 and Q5 and left in the incubator for 4 hours. This was done
in order to get bacteria in the exponential growth phase with as few non-viable cells as
possible. After four hours, the bacterial concentration was measured with IFC and the
culture was diluted to obtain ~1e6 cells/ml. 50 µl of diluted culture was added to each
well in the microtiter plate (except the contamination control). The microtiter plate was
left overnight at 37°C and 180 rpm. The MIC value was determined as the lowest colistin
concentration with no visible growth.
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8.3.3

Colistin treatment and IFC measurements of P. aeruginosa
strains

Colistin treatment and IFC measurements were performed in a similar way to how it was
done with E. coli. 0.5 ml of the exponential culture was added to samples of 0.5 ml colistin
with varying concentration (from 1028 µg/ml to 0 µg/ml) prepared via serial dilution. Note
that eﬀicacy of the antibiotic depends on the concentration of both bacteria and colistin
concentration [103] (ie. if the colistin concentration is kept constant, a rise in bacterial
concentration will lower the effectiveness of the colistin). The bacteria concentration needs
to be relatively high (~500e6 cells/ml) to retain enough bacteria in the sample for IFC after
the subsequent dilution step. The samples were left for 3 hours at room temperature, after
which 6 µl from each sample was pipetted into 3 ml of 1/20xPBS. Impedance measurements
were carried out with BactoBox at two frequencies (366 kHz and 6.9 MHz) with a total
measurement time for each sample of 180 seconds.

8.4
8.4.1

Experimental results
Colistin treatment and IFC measurements of E. coli

Measurements with BactoBox revealed that the impedance response of E. coli changes
when the cells are treated with colistin. Figure 8.7 shows the measured differential argument of the 8 samples of E. coli treated with increasing concentrations of antibiotic.
At 0 µg/ml the bacteria population is placed in the by now well known ”banana” shape
(position 2 as discussion in section 5.2), although a significant portion of the population
is placed in the bottom left corner of the banana (position 3). This could be because the
bacteria are grown on the surface of an agar plate overnight and resuspended in 1/20xPBS
just before the beginning of the experiment instead of from a liquid culture. Meaning that
dead cells from the agar surface or cells with additional extracellular material compared
to the cells from the liquid culture would be transferred to the sample. As the colistin
concentration increases the cells shift right and up, closer to the position of beads and
e.g. autoclaved cells (position 1). This indicates that the cells have a higher impedance
than the surrounding medium in both low and high frequency, presumably because the
cytoplasm has a lower conductivity than expected, either intrinsically or because of mixing
with the surrounding media. However, it is evident from the Petrifilm (also figure 8.7)
that the colistin is inactivating the cells. Since we are growing the cells on Petrifilm, the
growth is a better indicator of MBC than MIC because all cells need to be dead to see no
colonies. At 2.5 µg/ml of colistin, we see the first visual indication of the inactivation and
at 10 µg/ml no colonies are seen. Both concentrations are higher than the expected MIC
of ~1 µg/ml, which may be due to the high concentration of cells or because we are looking
at the growth on plates instead of in liquid culture. Nevertheless, the shift in differential
argument appears to happen in correspondence with the changes in CFU count on the
Petrifilm.
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Figure 8.7: Scatter plots showing the differential argument for E. coli samples with increasing concentrations of colistin (from 0 µg/ml to 40 µg/ml). Under each scatterplot the
Petrifilm from the corresponding sample is shown after 48 hours growth at 37°C.

To better illustrate this, we can look at the box plots for the low and high frequency
argument shown in figure 8.8. The box plots show the median (vertical red line), quartiles
(top and bottom of the blue box), extremes (whiskers) and outliers (red plusses) of the
population. In the low frequency we see that the median only changes slightly with
increased colistin concentration, but that the number of outliers in the population reduces
as we move up in colistin concentration. This is slightly surprising and again illustrates the
point that the cell remains less conductive compared to the medium at the low frequency.
If the cell membrane was disrupted we would expect a decrease in impedance as the
current flows through the conductive cytoplasm. If we assume that the membrane is in
fact disrupted (which the inactivation shown on the Petrifilm would suggest), then this
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must mean that the conductivity of the cytoplasm is lower than expected (likely due to
mixing with the surrounding medium) or that the cell has simply collapsed in on itself.
Looking at the high frequency differential argument shown in figure 8.8 we see that it
shift upwards (again supporting the idea of an exchange of cytoplasm). We also see that
the shift starts at 2.5 µg/ml and ends at 10 µg/ml, very similar to what we saw with the
growth on the Petrifilm.

Figure 8.8: Boxplots comparing the shift in low and high frequency argument of E. coli
at increasing concentrations of colistin. The central red line indicates the median, and the
bottom and top edges of the box indicate the quartiles. The whiskers extend to the most
extreme data points not considered outliers, and the outliers are plotted individually using
red ’+’ symbols.

8.4.2

MIC determination and colistin treatment of P. aeruginosa

The MIC of Pseudomonas aeruginosa PAO1 and Q5 was determined using micro broth
dilution (MBD) to be 1 and 8 µg/ml, respectively. This is as expected for PAO1, but
much lower than expected 512 µg/ml reported for Q5. The experiment was repeated
multiple times with the MIC for the colistin resistant P. aeruginosa shifting between 8
and 16 µg/ml. It is currently unclear if the resistance is in fact weaker than expected or if
the mismatch in results are related to the MBD procedure in some way. Nevertheless, Q5
does have higher resistance to colistin compared to PAO1. To illuminate this further, drop
plating of the bacteria culture after 3 hours of exposure to colistin (similar to the procedure
before IFC measurements) was done. The plating (see appendix C.1 for images) revealed
that a much higher concentration of colistin was required to inactivate the bacteria with
with 32 µg/ml and 1024 µg/ml needed for PAO1 and Q5, respectively. The increase in
needed concentration is probably caused by the higher initial bacteria concentration.
Figure 8.9 shows the measured differential argument for PAO1 at increasing colistin concentrations. As with E. coli we see a shift in the differential argument as the colistin
concentration increases, however unlike the E. coli the population shifts down and to the
left, indicating that the cells become more conducting than medium around them.
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HF argument (6.9 MHz) [rad]

LF argument (366 kHz) [rad]
Figure 8.9: Scatterplots showing the shift in populations of colistin susceptible P. aeruginosa (PAO1) at increasing colistin concentrations. First a background measurement (Blank)
is shown with no added bacteria. Then the results from samples with 0, 0.5, 1, 2, 4, 8 and
16 µg/ml.

The shift is even clearer when looking at the box plots in figure 8.10, especially in the low
frequency. Here we see a shift of the median of almost 2π as the colistin concentration is
increased from 1 µg/ml to 4 µg/ml. Some outliers remain close to 2π, but we see from the
extension of whiskers, that the majority of the population has shifted. The shift occurs
at a slightly higher colistin concentration that the expected 1 µg/ml, probably due to the
high bacteria concentration in the samples artificially increasing the MIC. The cells are
changing from being less conductive than the medium to more conducting, as expected
when the membrane is perforated and the current runs through conductive cytoplasm.
The shift is also seen in the high frequency argument, but to a lesser extend, implying the
the membrane was at least still partially opaque at the high frequency.
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Figure 8.10: Boxplots comparing the shift in low and high frequency argument of colistin
susceptible P. aeruginosa (PAO1) at increasing concentrations of colistin. The central red
line indicates the median, and the bottom and top edges of the box indicate the quartiles.
The whiskers extend to the most extreme data points not considered outliers, and the
outliers are plotted individually using red ’+’ symbols.

Finally, the differential argument for Q5 at increasing colistin concentrations is shown
in figure 8.11 with the corresponding box plots shown in figure 8.12. Note that the
dilution range of colistin is different than the one shown for PAO1 in figure 8.9 and 8.10.
Looking first at the low frequency differential argument, we again see a shift in median
of approximately 2π, as the colistin concentration changes from 8 µg/ml to 32 µg/ml (the
MIC determined using MBD was 8 µg/ml). However, when the colistin concentration is
increased even further we see a shift back to the original argument, except with fewer
outliers, and the population ends up in a position similar to where we saw the colistin
treated E. coli. As the colistin concentration increases the cells go from having a higher
impedance compared to the medium, to having a lower impedance than the medium, and
finally back to having a higher impedance at the highest colistin concentrations.

158

CHAPTER 8. ANTIBIOTIC SUSCEPTIBILITY TESTING USING IFC

HF argument (6.9 MHz) [rad]

LF argument (366 kHz) [rad]
Figure 8.11: Scatterplots showing the shift in populations of colistin resistant P. aeruginosa (Q5) at increasing colistin concentrations.

Figure 8.12: Boxplots comparing the shift in low and high frequency argument of colistin
resistant P. aeruginosa (Q5) at increasing concentrations of colistin. The central red line
indicates the median, and the bottom and top edges of the box indicate the quartiles. The
whiskers extend to the most extreme data points not considered outliers, and the outliers
are plotted individually using red ’+’ symbols.

The reasons for this behaviour are not obvious. Supposedly, the increased colistin concentration would cause to a higher degree of membrane perforation for the same bacteria
concentration leading to easier exchange of cytoplasm and medium. However, this does
not explain why the E. coli behaviour is different from P. aeruginosa at comparable concentrations of colistin. While both bacteria are gram negative some differences in both the
outer [104] and inner [105] membrane have been reported. Furthermore, since the E. coli
were grown on an agar plate and not in suspension like the P. aeruginosa, the additional
extracellular material from the E. coli may help keep the cytoplasm from mixing with the
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surroundings.

8.4.3

Comparison between untreated susceptible and resistant
Pseudomonas aeruginosa

Lastly we compare the impedance response of untreated PAO1 and Q5 to see if the presumed differences in surface charge is detectable. Figure 8.13 shows box plots of the
differential argument in the low and high frequency for repeated experiments with PAO1
and Q5. The measurements were performed on diluted (1/500 in 1/20xPBS) overnight
cultures. For Q5 the experiment was performed twice with three repetitions each time.
For PAO1 the experiment was performed 3 times, also with 3 repetitions.

Figure 8.13: Boxplots comparing the measurements of colistin susceptible (PAO1) and
resistant (Q5) P. aeruginosa with no exposure to colistin. The central red line indicates
the median, and the bottom and top edges of the box indicate the quartiles. The whiskers
extend to the most extreme data points not considered outliers, and the outliers are plotted
individually using red ’+’ symbols.

It is seen in the boxplots shown in figure 8.13 that the impedance response of PAO1
and Q5 overlap significantly and that no obvious distinction between the two can be
made. It is also clear that the variation between measurement (particularly between
experiments) is too great. The variation is expected to arise from a mix of both biological
variation and technical variation. For each experiment a new culture of P. aeruginosa is
grown and the cells might develop differently from time to time. At the same time, the
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impedance measurements may vary based on external factors such as temperature and
medium composition (the technical variation is however fairly low, see section 4.2.3).
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Figure 8.14: Contour comparison of 6 measurements on colistin resistant (Q5) and 9
measurements on colistin susceptible (PAO1) P. aeruginosa. Data is set up in a grid with
the data points from each measurement on the y-axis and the 60% contour from each
measurement on the x-axis. Numbers in each grid point show the absolute difference in cell
fraction from 60% when looking at the data from the measurement indicated on the x-axis
inside the 60% contour from the measurement indicated on the y-axis. Color grading is
based on the fraction difference and goes from green (0%) to yellow (30%) to red (>60%).

In a final attempt at finding differences between PAO1 and Q5, the contour method
presented in section 4.2.3 is used with a target cell fraction of 60 % . The results are
shown in figure 8.14. Four boxes are defined in the plot separating the measurement data
and contours form the two strains from each other. If we look at the contours from the Q5
data (left side of the matrix), we see that they better represent the Q5 data compared to
PAO1 (however, the last Q5 measurement, 2.3, does not fit this pattern). Looking instead
at the contours from the PAO1 data, it seems as good at representing Q5 and PAO1.
Thus, even though differences between the strains can be seen, the two strains can not be
clearly differentiated from each other.
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8.5

Chapter summary

Based on the results obtained and described in this chapter it is evident that IFC has the
potential to play a role in antibiotic susceptibility testing, but that more work is required
to mature the technology and understand the relationship between the MIC and the
impedance measurements. The effect of the antibiotic colistin on the impedance response
of E. coli and P. aeruginosa cells has been tested and a correlation between bacterial
inactivation of the antibiotic and a shift in the differential argument of the impedance
measurements was found. However, we encountered diﬀiculty in obtaining a stable MIC
value for the resistant P. aeruginosa strain and more experiments should be conducted
before a more rigorous conclusion can be made. We also tested if it was possible to
distinguish colistin susceptible P. aeruginosa from resistant P. aeruginosa, based on the
idea that the antibiotic resistance arise due to changes in the surface charge of the cells
causing changes in the membrane capacitance and the capacitance of the diffuse ion layer
surrounding the bacteria. However, it was not possible to consistently differentiate the
susceptible strain from the resistant strain.
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9 Conclusion and outlook
A need exists for a new, fast and accurate method for characterization and quantification
of bacterial samples. In this thesis, the impedance flow cytometer developed by SBT
Instruments (i.e., BactoBox) has been presented and used for characterization of various
bacterial samples.
First the theory behind dielectric measurements of bacterial cells was presented. Bacterial
cells are one of the most diverse populations on earth and come in many shapes and sizes.
This means that there is no single model that can describe the impedance response of
every bacteria, however some common characteristics exist that can be generalized. For
example, mixture theory can be used to calculate an effective complex permittivity that
describes the bacterial cell suspended in a liquid electrolyte between two microelectrodes.
The modelling of the cell can be more or less complex, taking into account multiple
membranes and the shape of the cell as well as the geometry of the detection electrodes.
Next, a presentation of the five functional areas that make up BactoBox was given. The
design of the flow cell at the heart of BactoBox involves a larger bypass channel in connection with a much smaller detection channel. This combination of channels is unique in
IFC systems and enables BactoBox to have a much higher flow rate through the entire flow
system compared to other systems. Two different designs were used for experiments. In
the first design, the detection channel is separated from the bypass channel by a polymer
wall. This improves the variation of the electric field and thus leads to less signal variation
but is also more prone to clogging. The other design has an open boundary between the
detection channel, which leads to less clogging but higher signal variation. A COMSOL
simulation revealed that the variation in the field strength on the electrode edge caused
to a loss of peak height of ~50%. The difference in size between the bypass and detection
channel means that flow behavior for each region must be considered individually. We
saw that while the Reynolds number was 500-1000x times larger in the bypass channel
compared to the detection channel, it was still well below the threshold of turbulent flow
(approximately 20x lower). This means that the flow in both channels is laminar and that
the distribution of flow between them can be calculated using the Hagen-Poiseille law to
find the ratio between their hydraulic resistances. Additionally, the fluidic system, electronics and software analysis of BactoBox was discussed. It was particularly interesting,
that the input voltage to the detection electrodes was attenuated significantly (~30%) at
higher frequencies (>3MHz). If this attenuation is not taken into account, either through
balancing the input magnitudes of the signal or though post processing of the data, it
may lead to misinterpretation of the results. Finally, the importance of compensating the
concentration calculation because of the parabolic flow profile in the detection channel
was discussed. The flow rate is estimated based on the average time it takes a particle
or bacteria to pass between the electrodes. Because of the parabolic flow profile the flow
rate is overestimated since more particle pass the electrodes in the fast flow. This leads
to an error when calculating the concentration. The error is corrected through a correction factor multiplied to the average transition time. This correction factor is calculated
numerically using MATLAB and is found to be 1.44 and 1.25 for the two flow cell designs.
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BactoBox was used to experimentally characterize bacteria and other particles under a
number of different circumstances. The first important results were that particles and
bacteria can be differentiated based on their effective conductivity compared to the liquid
medium surrounding them. For example, if a bacterial cell is perforated during inactivation, it changes from being less conducting than the surrounding medium (the cell
membrane electrically isolates the cell) to being more conducting (the membrane is broken, and the cytoplasm is probed), as long as the cell interior is more conducting than
the medium. This change in conductivity is very apparent in the differential argument
measured with IFC and forms the basis of the differentiation between bacteria and other
particles in BactoBox. Because of this the conductivity of the media has been kept at low
for all of the experimental work, by using phosphate buffered saline diluted with filtered
and deionized water (typically in a ratio of 1/20).
BactoBox was used to measure the impedance response of 6 different bacteria strains. The
strains were a mix of gram-positive and gram-negative bacteria, 5 of them were rod-shaped
while the last was spherical. While impedance response populations differed between the
species (although still with significant overlap), it was not possible to link the impedance
response to the gram-type or shape of the species. This is partly because of complexity in
the bacteria structure and morphology, with significant variation in size and membrane
based on e.g. growth conditions even within the same species. In an attempt to remove
some of this variation and get a better understanding of the probable properties of a bacterial cell, an experiment using custom-synthesized liposomes was set up. The liposomes
were synthesized so that the conductivity both inside and outside the liposome, as well as
the lipid composition in the membrane, was known. Measurements on the liposome sample
showed that they could be differentiated based on their interior conductivity. However,
comparisons with theoretical calculations revealed that the liposomes were not unilamellar
but instead had multiple membranes. This made proper probing of the liposome interior
impossible since it was shielded by the membranes. To truly use liposomes as a model
particle for IFC measurements all properties should be known, including the number of
membranes. This can be achieved either by changing the synthesis method to one where
the control of the number of membranes is better (e.g. microfluidic jetting) or by having
a control method that can evaluate the number of membranes (e.g. optical inspection of
stained membranes)
An important aspect of BactoBox, when used to evaluate the risk of bacterial contamination in e.g., a production environment is that it can differentiate between viable and
dead bacteria. To test this, E. coli bacteria were inactivated using 3 different inactivation
methods (ethanol, autoclaving, and heat exposure) and then investigated using traditional
plate counts, a fluorescent assay that probe the membrane integrity and with impedance
flow cytometry. It was seen that after inactivation with each of the three methods, the E.
coli did not grow, and the membrane was perforated. Surprisingly however, the impedance
response was different for each of the inactivation methods. This led to the conclusion
that it is not just a matter of if the bacteria are inactivated but also how, and it showed
that impedance flow cytometry can reveal additional information about bacterial cells after inactivation compared to the two other methods. Also, surprisingly, it was found that
while E. coli inactivated with ethanol and through autoclaving could be differentiated
from untreated cell (with a specificity of 99.6% and 90.9%), the cells inactivated with
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heat could not. This spurred additional experiments with heat exposure, and it was found
that prolonged exposure to the heat led to better classification between untreated and
heat-treated E. coli and that lowering the conductivity of the suspension medium also
improved the classification. To truly understand the correlation between heat-exposure
and impedance response an alternative method for direct inspection of the degradation
of the membrane will be needed. Here electron microscopy seems like an obvious candidates, where scanning electron microscopy (SEM) could be used to evaluate the surface
morphology and transmission electron microscopy (TEM) could be used to evaluate the
cross section of the envelope structure.
Finally, the effects of treatment with the antibiotic colistin on E. coli and Pseudomonas
aeruginosa bacteria was investigated. It was found that treatment with colistin also led to a
shift in the differential argument which became more significant at higher concentrations
of antibiotic. Additionally, the shift occurred at higher colistin concentrations when a
Pseudomonas aeruginosa strain with known resistance to colistin was used, relating the
shift in argument to the minimum concentration needed to inactivate the bacteria. This
shows how impedance flow cytometry and BactoBox has the potential to play arole in
antibiotic susceptibility testing in the future, if it is developed properly.
Seen together, these investigations provide a deeper insight into the workings of the technology employed in BactoBox and the consequences of some the implementation choices
made. The presentation of the theoretical background together with the walk-through of
the functional parts of BactoBox can form the backbone of future product development activities, while the experimental work can provide insight into where to focus improvements
of the product and core technology going forward and inspiration to future applications.

9.1 Future outlook
The work with understanding how the electrical properties of bacteria can be measured
with IFC and how to interpret the obtained results is far from complete. If there is one
thing I have learned during the course of this project, it is that impedance measurements
of bacterial cells is a complex and highly multidisciplinary endeavor. In the following
section I will give my perspective and suggestions for continuing the work in the future.
Further work with synthesis and measurements of liposomes needs to be done. Specifically,
the synthesis method needs to be improved so that unilamellar liposomes can be produced.
Sonication is the most extensively used method for liposome synthesis but small size and
pollution from the sonication probe tip makes it an undesirable method for synthesis
for our application [106]. Instead an injection based method could be used, preferably
implemented in a microfluidic device [107, 108]. However, the amount of work required
to synthesize liposome with desired properties may be overwhelming compared to the
experimental pay off. Alternatively, a characterisation method that probes the number of
membranes could be used to adapt the theoretical model to the experimental conditions.
While several methods exists for size classification of liposomes (such as atomic force
microscopy, nano particle tracing and dynamic light scattering), characterization methods
for the lamellarity are less common. For this, techniques like small angle x-ray scattering
and analysis of the changes in the fluorescent spectrum of labelled liposomes [109] should
be explored. If these challenges can be solved, I believe characterisation of liposomes
9.1. FUTURE OUTLOOK
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can become a great tool for understanding how biological cells and particularly biological
membranes are characterised using IFC.
During this project, the change in impedance due to inactivation of bacterial cells was
investigated. The majority of this work was done with E. coli, with only a few experiments
performed with other species. Future experiments should focus on investigating whether
the results observed for E. coli can be generalized to more species. This means mapping
of the impedance of the bacteria after inactivation, but also understanding the variation
of untreated cells from species to species. An interesting approach to this, could be to find
bacteria that are resistant to specific types of inactivation (e.g. a heat resistant strain).
An experiment could be set up with the goal of identifying the resistant strain. This will
be important since BactoBox will be used in many different environments all over the
world each having a unique microbial environment.
However, to truly understand which of the many morphological and structural changes that
occur in the bacteria during inactivation can be probed with IFC, an alternative method
will be needed to compare and validate the obtained results with. For this I believe that
correlation between electron microscopy images and the impedance results will be very
insightful. Scanning electron microscopy (SEM) should be used to investigate the surface
morphology of the the bacterial cells. It would be particularly interesting to use SEM
to visualise the perforation or deterioration of the cell membrane after inactivation. As
discussed in chapter 7, the impedance response is different based on the type of inactivation
used and it would be very valuable to correlate this change to the the actual state of the
cell membrane. Furthermore, transmission electron microscopy (TEM) could be used to
measure the actual dimensions of the bacterial cell and particularly the thicknesses of the
various layers in the cell envelope. In chapter 5 we discussed how different bacteria species
provided slightly different impedance responses and it would be interesting to see if these
difference could be related to actual differences in bacterial cell structure. Beside the fact
that SEM and TEM are not easy techniques to master, I have two other concerns with
using electron microscopy as a comparison technique. First of all, since both SEM and
TEM images are taken in near vacuum, the cells must be dehydrated before they can be
investigated. Great care must be taken that the dehydration process will not change the
cell morphology beyond what has already happened during inactivation. Second, in IFC
we observe populations of several hundred or thousands of cells, while electron microscopy
look at only a few. This means that some of the inherent variation observed with IFC
may be lost during an analysis using SEM or TEM. Alternatively, powerful techniques
that provide both electrical characterisation and visual information about the bacteria
properties at the same time such as scanning dielectric force volume microscopy [110] or
electro-optical impedance microscopy [111] could be used.
For IFC and BactoBox to have an impact in the field of antibiotic susceptibility testing, the experimental work presented in this thesis should be expanded upon, by testing
additional bacteria strains and antibiotics. While the work presented relies on the perforation that colistin causes in the bacterial membrane, it has been shown elsewhere that
the strictly inhibitory effects of other antibiotics (e.g. β-lactams) can also can be detected
with impedance [15]. Additional experiments should be performed to confirm if this is also
the case with BactoBox and to show the value the instrument can have in more clinical
settings. Comparisons with traditional AST will also help quantify the relationship be166
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tween the change in impedance and the actual minimum inhibitory concentration. On a
more fundamental level, it should be investigated if the surface charge of particles can be
measured with IFC. A better understanding of the experimental conditions (e.g. frequencies, medium conductivity) required to probe the surface charge is needed. Potentially,
liposomes could be synthesized with a controllable surface charge (through the choice of
lipids) and used as a model for this work.
Finally, I would suggest that the way the differentiation/classification between different
cells and particles is done should be explored in more depth. During this work, classification was only ever done based on one variable at a time (most of the time the differential
argument). It should be explored if multivariate analysis would yield better classification
and differentiation, for example between different species of bacteria. It would also be
very beneficial to include more than two simultaneous frequencies for this kind of analysis,
however adding additional frequencies will also add noise to the signal and may prevent
detection of smaller cells. For this purpose, machine learning techniques could be utilized
to find the particular variables that best differentiate cells with particular properties. The
challenge here is to provide complete and accurate training datasets for the algorithms.
For example, in the dataset for heat-inactivated E. coli (chapter 7), we can say with a
relatively high certainty that the cells in the dataset are in fact inactivated (ie. they do not
grow), but we can not necessarily guarantee that all of the cell in the untreated dataset are
in fact viable. Uncertainties like this will affect the ability of a machine learning algorithm
to find accurate parameters for differentiation.
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A Appendix

LF argument [rad]

A.1 Variation between chips

HF argument [rad]

Figure A.1: Kernel density plots of E. coli measurements, 3 repetitions, from 3 chips, each
with 2 measurement sites. Note that site0 on Chip1 one is known to be broken.
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B Appendix

HF Argument [rad]

B.1 Six bacteria species

LF Argument [rad]
Figure B.1: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 3 hours of growth
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HF Argument [rad]

LF Argument [rad]
Figure B.2: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 4 hours of growth
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HF Argument [rad]

LF Argument [rad]
Figure B.3: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 5 hours of growth

B.1. SIX BACTERIA SPECIES
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HF Argument [rad]

LF Argument [rad]
Figure B.4: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 6 hours of growth
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HF Argument [rad]

LF Argument [rad]
Figure B.5: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 7 hours of growth
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HF Argument [rad]

LF Argument [rad]
Figure B.6: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 17 hours of growth
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Figure B.7: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 19 hours of growth
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HF Argument [rad]

LF Argument [rad]
Figure B.8: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 23 hours of growth
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HF Argument [rad]

LF Argument [rad]
Figure B.9: Kernel density plot of the low (366 kHz) and high (6.9 MHz) frequency
differential argument from measurements of 6 species after 14 days of growth
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B.2

ROC comparison of gram-types - Moduli

Figure B.10: ROC curves for gram-type classification (ie. gram-positive: Bacillus, Staph.
ep., Listeria and gram-negative: E. coli, Klebsiella Acinetobacter) based on the modulus
for low and high frequency data (366 kHz and 6.9 MHz).
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C Appendix
C.1

Drop plate images

Figure C.1: Drop plating of samples of P. aeruginosa PAO1 after 3 hours exposure to
colistin, after 24 hours at 37C

Figure C.2: Drop plating of samples of P. aeruginosa Q5 after 3 hours exposure to colistin,
after 24 hours at 37C
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